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ABSTRACT 


A 3 MeV, 10 mA, 30 kW Dynamitron type electron beam accelerator for 
processing plastics is being commissioned at Kharger, Navi-Mumbai. The voltage of 3 
MV is generated by 68-stage Parallel coupled Voltage Multiplier Circuit. The multiplier 
needs a stage voltage of 300 kVpeak to peak at 120 kHz to feed the RF electrodes. This 
requirement is achieved by using 10 kV, 120 kHz vacuum triode power oscillator and 
then stepped up by the air-core RF transformer. The secondary winding of the air-core RF 
transformer acts as a tuned inductor for the power oscillator. For better attenuation, high 
Quality factor (about 1000) is required. It is achieved by providing special winding 
scheme; single layer, single wire spaced winding. The 120 kHz RF transformer has to 
handle a circulating current of 50 Arms in the secondary. The transformer is insulated and 
cooled by SFe gas at 6-atm. pressure. The air-core transformer is given shape by former 
of nonmagnetic material, epoxy laminates glass-fiber, which is compatible with SFe. 

In this work the parameter affecting the Quality factor, ‘Q’ of inductor are 
investigated. Traditionally, transformer design has been based on sinusoidal voltage and 
current waveforms at low frequencies. At high frequency, skin and proximity effects, as 
well as dielectric losses contribute differently to transformer losses. Quality factor is the 
reciprocal of the sum of all loss tangents dc and ac (Loss tangent due to dc resistance of 
winding, loss tangent due to skin effect, loss tangent due to proximity effect, loss tangent 
due to residual core loss, dielectric loss tangent etc). Therefore, to achieve high Quality 
factor, loss tangents should be minimum. The Litz wire has been selected for this 
purpose. The choice of insulating material has been made knowing that dielectric loss 
tangent of any dielectric is maximum at its “eigen frequency”. 

The highest operating frequency affects the overall stray capacitance of the coil 
and it is determined by the first self-resonant frequency. In this work, a method for 
predicting stray or parasitic capacitances of high frequency toroidal inductors has been 
made which comprises of single wire, single layer of turns with circular cross section 
uniformly wound around a toroidal nonmagnetic core. The method is based on an 
analytical approach to obtain the tum-to-tum and tum-to-shield capacitances of the coil. 
The influence of wire insulation on the stray capacitances is taken into account. An 



estimation of overall equivalent stray capacitance is made using typical high frequency 
equivalent lumped parameter circuit of inductors. 

Electric field analysis for circular and square conductor configurations was made 
by FEMLAB. It is evident from this analysis that electric field enhancement is more at 
sharp edges of the conductor. Hence square conductor without sharp edges is 
recommended to achieve more uniform electric stress in the solid dielectric. 
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CHAPTER 1 


INTRODUCTION 


In recent times, continuous wave electron beam with beam voltage in the range 
0.2-10 MV has found a large number of industrial applications such as modification of 
bulk polymers, cross linking of plastic film, foam & cables, degradation of scrap Teflon 
& cellulose materials, treatment of stack gases, disinfection of sewage sludge & waste 
water, sterilization of medical product and food irradiation. While beams of less than 1 
MV are suitable for treatment of unit density materials of a few millimeter thickness, the 
higher energy beam can be used for thickness of a few centimeters. Further the higher 
energy beams can be efficiently converted into X-rays and then used to treat materials of 
tens of centimeter thickness. As compared to Co and other radiation sources, electron 
beam sources have the advantages of producing radiation when needed by switching on 
to the electron beam. The high power electron accelerators can provide high throughput 
rates at low unit costs compared to Gamma ray sources and X-ray generators. Of course 
depending upon the application, each energy source has some advantages over the others. 

The 3 MeV, 30 kW industrial electron accelerator is similar to “Dynamitron” 
made by Radiation Dynamics, U.S.A.. Dynamitron type accelerators are highly versatile 
high voltage generators, where RF energy is capacitively coupled to the corona guard 
shields and HV rectifier column. Unlike Cockcroft Walton series multiplier, this is a 
parallel fed high voltage generator. This type of accelerator is developed because it has 
several advantages over others viz. (a) its ripple is independent of number of stages (N), 
(b) regulation is a function of N, unlike Cockcroft Walton where regulation is a function 
of (c) there are no discrete capacitors, feedback and filter capacitors are all 
geometrically configured and (d) its operation at 100-120 kHz results in use of low value 
capacitors, hence energy stored is low and low loss to the components in case of 
dielectric failure. 

The various subsystems of the 3 MeV, 30 kW industrial electron beam 
accelerators are: 

1) HVDC power supply. 

2) 120 kHz high power Oscillator. 
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3) High frequency (120 kHz), High voltage (300 kVpeak) Air core Transformer. 

4) Parallel coupled voltage multiplier circuit. 

5) Electron beam generation, Transport Focusing, Scanning & Extraction. 

6) X-ray production. 

7) Pumping system. 

8) Accelerator tank. 

9) SF6 Gas handling system. 

10) Ozone Extraction system. 

1 1) Radiation shielding. 

12) Control system. 

OBJECTIVE OF THESIS WORK 

This work is totally concentrated on the development of “High frequency 
(120 kHz), High voltage (300 kVpeak) Air core Transformer”. This transformer is to be 
used between the high frequency oscillator and voltage multiplier circuit to step up the 
voltage and to match the impedance for maximum power transfer. 120 kHz sinewave is 
generated by a class-c push-pull vacuum triode power oscillator. A toroidal inductor acts 
as the tuning inductor and step-up transformer to obtain a stage voltage of 150 kVpeak- 0 
- 150 kVpeak. A schematic diagram representing impedance scheme and various 
subsystems are shown in Fig 1.1 and Fig 1.2. 

The design of high frequency, high voltage air core transformer differs widely 
from the standard transformer design methodologies used for power frequency voltage 
applications [1]. One must analyse several related issues: 

1) Insulation requirements. 

2) Parasitic elements. 

3) Core loss and Heat dissipation. 

4) Corona effects. 

5) High frequency skin and proximity effects. 

6) Voltage and current waveforms. 
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R F Transformer 



Fig 1.1 Block diagram of 3 MeV, 30 kW accelerator. 



Fig 1.2 A schematic diagram showing Impedance scheme of 3 MeV, 30 kW EB 
accelerator. 







Traditionally, transformer design has been based on sinusoidal voltage and 
current waveform operating at low frequency. Physical and electrical properties of a 
transformer form the basis of the new design methodology while taking full account of 
the current and voltage waveforms and high-frequency effects into consideration. It is 
well known that at high frequencies, eddy current induced skin and proximity effects 
cause additional losses within conductor windings. These effects alter the field and 
current distribution within the windings, which results in an increase in ac resistance. Due 
to high operating frequency, special attention must be paid to limit winding and core 
losses. These may lead to conflicting winding designs, especially with the use of litz 
wire. While litz wire can reduce high- frequency ac losses, its benefits are limited to a 
narrow frequency band and relatively low-current densities. 

High voltage transformers generally have a high turns ratio. Sufficient 
insulation thickness between the primary and secondary is required to avoid electrical 
breakdown. Therefore, the electromagnetic coupling of the primary and secondary 
windings will not be as close as in conventional low voltage transformer [3]. 
These results in parasitic leakage inductance referred to the primary side, which can 
affect the maximum power transfer of the transformer. Hence, there is a trade off between 
insulation required and leakage inductance. 

Furthermore, the high number of turns required for the secondary winding cause 
a high distributed capacitance. This parasitic capacitance induces an ineffective current 
through the secondary winding which results in a loss of transformer efficiency. To 
eliminate the parasitic capacitance effect, resonant transformer with high quality factor is 
a better choice, in which the secondary side of transformer is tuned at resonance 
frequency 120 kHz. 

Partial Breakdown (PB) can seriously affect the operation and life expectancy of 
a high voltage transformer. Any sharp comer or protrusion may lead to an enhanced 
electric field and hence Partial Breakdown (PB) in the vicinity. With time it may degrade 
the insulation leading to electrical breakdown. 
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DESIGN SPECIFIACTIONS 

Bearing these factors in mind a high voltage, high frequency 
transformer is designed with the following electrical specification; 

Primary voltage : SkVpeak- 0-5 kVpeak 

Secondary voltage ; 150 kVpeak-0 - 150 kVpeak 

Power rating : 42 kW 

Frequency : 120 kHz 

Temperature rise : <30°C 

Loaded Q-factor of coil ; 200 

DESIGN BASIS AND ITS FEATURES 

The transformer winding inductance is part of a parallel tuned circuit, at 
120 kHz. The impedance reflected to the primary should not load the oscillator. The 
following parameters were chosen for the design; 

1) Skin depth at 120 kHz, A ; 190 fxm (for copper) 

2) Maximum flux density, '■ 0.5 Tesla 

3) Maximum current density, ; 4 Almnf' 

4) Inductance of secondary ; 5 mH 

5) Secondary circulating current ; 50 Anns 

6) Insulation ; SFe gas at 6 atm. Pressure 

7) Litz wire for 1 20 kHz ;2464/AWG-40 

Impedance matching at the primary side (vacuum Triode oscillator 
output) and secondary side (Voltage multiplier circuit input) are taken into consideration. 
To minimize the distributed capacitance between layers and windings, single layer spaced 
winding scheme is adopted. 

For efficient heat transfer and cooling and to achieve a good electric 
insulation level, the entire transformer is placed in SFe gas at 6 atm. and the secondary 
cooling is done by forced cooling using low sound level blower. 

Solid Insulating materials used are selected taking with consideration the 
following factors; 

(1) The coil former, support and winding materials should be compatible with SFe gas. 
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(2) Eigen frequency of insulating material should not lie within working frequency. 

(3) Good dielectric and mechanical strength. 

(4) High radiation resistance. 

(5) Good thermal conductivity. 
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CHAPTER 2 


SELECTION OF CORE MATERIAL 

2.1 CORE MATERIAL 

The characteristics of a good core material include low specific core 
losses (defined as losses per unit volume or per unit mass) at high operating fi'equencies, 
high saturation flux density, high power/weight ratio, and good thermal and mechanical 
properties. The use of high frequency in excess of 100 kHz enables the power-supply 
designer to reduce the size and weight of the power supply significantly. This reduction 
occurs because filter component values and transformer size decrease with increasing 
frequency. One problem with using transformers at fi'equencies above 100 kHz, however, 
is that core loss is much more significant than at lower fi’equencies such as 20 kHz. Core 
loss in ferrites is related to frequency by 

( 2 . 1 ) 

Where is the core loss per unit volume (mW/cm^), / is the frequency 

(Hz), Bp is the peak flux density (G) so the core loss at 100 kHz is approximately eight 
times the core loss at 20 kHz assuming the same flux density [3]. 

Transformer design at low frequency (20 kHz) uses the saturation flux 
density of the core material as a primary design constraint [4]. Core loss is of secondary 
importance and is usually checked after the transformer design is finished. In most cases 
the core loss turns out to be acceptably low so that temperature rise due to core loss is not 
a problem. 

At 100 kHz or above, however, operation at saturation flux-density level 
will result in an overheated transformer due to excessive core loss. Transformer design 
therefore, becomes more complicated at frequencies near or above lOOkHz because peak 
flux density cannot be considered to be constant due to excessive temperature rise. So 
temperature rise and temperature dependence of permeability of magnetic material is the 
main constraint for the selection of core material. Since permeability of air is very stable 
with respect to the ambient conditions, all air-core, therefore, should make an ideal 
inductor [5]. So an air core has been selected for our RF transformer. 
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2.2 SHAPE OF THE CORE 

The basic problem with air core is high leakage flux, which is minimised 
by using core in the form of toroidal shape (fig 2.1). The main reason for choosing a 
toroidal core is very small external magnetic field. Leakage flux can be a problem with 
solenoids, especially in power electronics circuits where it can cause interference to 
nearby equipment. It is shown more clear in fig 2.2. Whereas the external field of 
solenoid drops approximately as inverse cube of distance, that of a toroid falls much 
more steeply, and can be made virtually negligible if a reverse loop is used to counter the 
one-turn of the winding progression. Although, for economic use of wire air-cored 
toroids need not be considered further [6]. Also, a well-designed toroidal coil has more 
than twice the higher-j&equency resistance of a well-designed solenoidal coil. Toroidal 
coils should only be employed when one cannot afford the slightest trace of 
electromagnetic interference, for example, when it is desired to construct an oscillating 
set to inject a very small measurable electromotive force into another circuit. For this 
reason it is considered worth to obtain conditions for minimum resistance [7]. 

2.3 ADVANTAGES OF TOROIDAL SHAPED TRANSFORMER 

(a) Smaller size and Weight: Higher efficiency of toroidal shaped winding over 
laminated type transformers can save up to 50% in weight and size. This helps simply 
the design of cabinets, mechanical geometry, and mounting configuration. It suits the 
trend for smaller, more compact electrical and electronic equipments. The diameter- 
to-height ratio of a toroid can easily be varied (as long as the cross sectional is held 
constant) to suit the mechanical design. 

(b) Low Stray Magnetic Fields: Toroid emits very low stray magnetic fields. For most 
applications no special shielding is needed. 

(c) Low Mechanical Noise (Hum): The uniformity in windings enveloping the core 
greatly reduce magnetostriction - the main source of the familiar “hum” found in 
conventional laminated transformers. Hence compared to conventional transformers, 
toroidal transformers are silent. This makes toroidal transformers ideal for hospital 
and office environments where an annoying hum would be unacceptable. 
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(d) Electrical Efficiency: Toroidal design requires less copper wire as compared to 
conventional laminated transformers, resulting in low copper losses and hence more 

efficiency. 

(e) Easy to Mount: A single center screw quickly and easily mounts a toroidal 
transformer. 



Q 
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CHAPTERS 


HIGH VOLTAGE, HIGH FREQUENCY TRANSFORMER 

3.1 INTRODUCTION 

High frequency high voltages are required for rectifier dc power supplies 
when a ripple of very small magnitude is required without the use of costly filters to 
smoothen the ripple [8], The advantages of high frequency transformers are: 

(I) the absence of iron core in transformers and hence saving in cost and weight, 

(II) Pure sine wave output. 

In a transformer with an iron core, the excitation current is required for 
producing the magnetic field in the core. This is a small percentage of the load 
component of the current in iron core transformers. In air-core transformers all the 
current is excitation current and the secondary voltage is induced proportional to the 
mutual inductance. 

The commonly used high frequency, high voltage resonant and impedance 
matching transformers are the toroidal coil, which is single side tuned resonant circuit 
shown schematically in Fig. 3.2 and Fig.3.3. The primary voltage rating is 10 kV and the 
secondary is rated to 300 kVpeak • The secondary winding is wound on an insulated 
material body known as former. Hence, it is in real sense an air-cored transformer. Like 
in any autotransformer for primary winding suitable tapping is taken from the secondary, 
which is decided by the value of Lm, k and currents in both windings. The secondary 
windings are tuned to a frequency of 120 kHz by means of condenser Cx. 

3.2 WORKING PRINCIPLE OF AIR-CORE TRANSFORMER 

Consider the circuit of Fig. 3.1 in which Zi is complex and includes the 
self-inductance of the primary coil. Likewise, secondary impedance Z 2 is complex and 
includes the self-inductance of the secondary coil. With a sinusoidal voltage applied, 
Kirchhoffs laws give the following, 

Vi = ZiIi+joLml2 
0 = Z2l2 +j(yLmIi 


n 


(3.1) 

(3.2) 



where co = In: times operating frequency, and Lm is the mutual inductance between the 
primary and secondary coils. From equation 3.2 we see that the voltage in the secondary 
coil is numerically equal to mLmli.the product of primary current and mutual reactance 
at the frequency of applied voltage Ei. The equivalent impedance of the circuit of fig 3.1 
when refereed to the primary side is given by 

Z’=Z, + (XllZ,) (3.3) 

Where = a>Lm 



Fig. 3.1 General case of inductive coupling 
-Aw 



Fig 3.2 Tuned air-core transformer 
R. ^ R, 



Fig 3.3 Toroidal coil equivalent circuit 
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When primary resistance is zero, or virtually zero, and the secondary coil is tuned 
to resonance so that Z 2 is a pure resistance Rj. Under these conditions, equation 3.3 
reduces to 

K = XllR, (3.4) 

Where i? is the equivalent resistance in the primary. 

Equation 3.4 gives the value of mutual inductance required for coupling a 
resistance R 2 so that it will appear like resistance i? with a maximum power transfer 
between the two coils, and states that the mutual reactance is the geometric mean 

between the two value of the resistance. 

The ratio of mutual inductance to the geometric mean of the primary and 
secondary self-inductances is the coupling coefficient: 

k = LJ^ (3.5) 

The value of ^is never greater than unity, even when coils are compacted to the 
maximum possible extent. Values of k down to 0.01 or lower are common at high 
frequencies. In present case feasible value of k is 0.2-0.3. 

A single side (secondary) tuned air-core transformer is shown in fig 3.2 in 
which secondary coil is tuned at operating frequency 120 kHz. Its equivalent circuit is as 
shown in fig 3.3. A sinusoidal 120 kHz voltage Vi may be impressed upon the primary 
circuit from vacuum triode oscillator. The value of voltage V 2 obtained from this circuit 
depends upon the Q factor of the tuned circuit. Fig 3.4 shows the admittance curve for 
tuned secondary of fig 3.2. 

Voltages induced in primary and secondary coils are given by equations 
3.6 and 3.7 respectively. 


Xi=j(oLJ^ 

(3.6) 


(3.7) 

ElJjl 

(3.8) 

E2 /j 

II 

(3.9) 


At resonance. 


X 10 



Fig 3.4 Response curve for circuit tuned secondary of fig 3.2 


/ = 


2^ir 


(3.11) 


Under this condition, magnitudes of voltages across capacitor (Cj. ) and 


inductor (Zj, ) are equal. These are given by 


K=V^=V,^=QE, 

Where Q is the quality factor of the circuit, given by 

o)Lj. _ 


Q = 


1 


R, coC^R, 


(3.12) 


(3.13) 


The circulating current in secondary winding under resonance condition is given by 


1 


R, 


(3.14) 


Because of air-core, no load current cannot be neglected as in case of iron 
core transformer. In our case even at no load secondary circulating current is 50 Aims at 
300 kVpeak and primary current is 5 Arms and when it is in operation it deliver only 200 
mA. Hence primary mmf is not equal to secondary mmf in air-core transformer. 
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Nili ^ N2I2 


(3.15) 


E, N, 

SO induced voltage in secondary is based on Li, La, Lm. 


(3.16) 


3.3 A DESIGN PROCEDURE OF RF TRANSFORMER 

The design procedure depends upon the requirements and the 
specifications. The procedure outlined below includes the steps in the design of a high 
voltage, RF transformer. 

(1) Fixing operating frequency (/) and its tolerance: 110 kHz ± 10 kHz, which is 
determined by high frequency rectifier of voltage multiplier circuit, time required for 
reverse bias recovery, ripple etc. 

(2) Inductance and Capacitance of tank circuit (secondary of RF transformer); Tank 
capacitor (Ct) is the equivalent capacitance across RF electrode as shown in fig 3.5. It 
is of known quantity. Based on this value of inductance required can be calculated by 
the following equation; 

T = I • 

^ (2^/)^C/ 

For f = 120 kHz and Ct =350 pF, 

LT = 5mH 





RF ELECTRODE 


•s,. 

“n 

-a 


1 

— ZL. 

L* ft 
- 


rCj. 


R] 

? ELECTRODE 


Fig.3.5 Schematic diagram showing tank capacitance 
- Capacitance between RF electrode and shield 

Cj.^ - Capacitance between RF electrode 

Cj. -Tank capacitor which is the equivalent capacitance across RF electrode 

1 s 



(3) Fixing impedance criteria to match the input impedance of multiplier circuit and 
output impedance of oscillator (Fig. 1.2). 

(4) Fixing secondary voltage (V 2 ): V 2 required is 150 kVpeak - 0 - 150 kVpeak • This 
voltage is given to the RF electrode of parallel coupled voltage multiplier circuit. By 
this multiplier circuit the voltage is stepped-to 3 MV. 

(5) Circulating current in tank (ZyCj.) circuit: Circulating current in tank circuit ( 

secondary winding) under resonance condition can be calculated with given 
specification using equation (3.14) as following 

, V2 3OOXIOVV2 

"2;rxl20xl0'xl0‘" 


56 Anns 

(6) Losses (Po ) depend upon heat dissipation in transformer winding as well as Q factor: 
Q factor can be calculated using equation (3.13). Losses in the tank circuit are given 
by 

losses(P^) = llR^ 

T) ^rms O ‘^ms 

“'~QXr 


(7) Components of Rac: More detail are in chapter 4. 

Rac ■ Rdc "!■ Rskin-effect Fproxinuty-effect Rdielectric 

(8) (a) Selection of wire to minimize skin and proximity effect: 2464 strands/ AWG-40 
litz wire were chosen for this purpose. All strands are twisted in a regular pattern. More 
detail are in chapter 5. Litz wire details are 

(i) Copper Area = 12.4 mm^ 

(ii) Insulation: 180°C grade single polyurethane based enamel on individual strands 
and double layer 130°C grade Tergal (polyester fiber) over the entire bunch of 
2464 strands. 

(iii) Ric =1.7 mQ/ meter 




Fig.3.6 Litz wire details 

(b) Selection of winding scheme and its dimensions to minimise self capacitance and 
dielectric losses.The self capacitance is fixed such that self resonance frequency should 
be greater than and equal to three times the working frequency. More details are in 
chapter 7. 

(9) Effective removal of heat; It is made effective by using blowers, heat exchanger 
inside RF Transformer vessel. 

(10) Determination of current density as per (8 and 9) . 

J = = AAlmrrP’ , for single layer spaced winding and forced 

cooling in SFe gas at 6 atm pressure. 

(1 1) Design of primary winding: It is based on the source voltage (10 kV), vacuum triode 
oscillator output. 

E N 

— = — - is valid if and only if coupling coefficient (k) between primary 

^2 ^2 

and secondary winding is equal to l.But in present case feasible value of k is given as 
0.2-0. 3, so primary induced voltage is based on the primary winding inductance, 
secondary winding inductance , mutual inductance between primary winding and 
secondary winding and coupling coefficient. In present case we know the value of 
secondary winding inductance and coupling coefficient. By knowing Q factor we can 
obtain secondary induced voltage using equation (3.12) and then using equation (3.7) and 
(3.5) we can obtain mutual inductance and value of primary inductance. With the help of 
inductance formula we find number of turns required in primary winding (appendix C). 

(12) Design of stress control rings across 300 kVpeak terminal. 
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(13) Design of bushing across 300 kVpeak opening for mechanical strength.. 

(14) Insulation scheme for entire RF transformer 

(i) turn to turn insulation 

(ii) winding to winding insulation 

(iii) Winding Former: Structure made of insulating material to provide desired 
shape of winding. 

(iv) Insulation between RF transformer and pressure vessel at ground potential. 



CHAPTER 4 


DESIGN OF SECONDARY WINDING 


4.1 INTRODUCTION 

An Inductor is an element that stores energy in the magnetic field. It is 
comprises of a coil wound in a several turns on a core with a closed magnetic path. The 
magnetic path may comprise of material of homogeneous or heterogeneous permeability. 
The homogeneous path may comprise of all ferrous alloys or ferrites or air alone. A 
heterogeneous permeability path is a combination of magnetic core path with air gaps. 

Inductance has been one of the principle passive elements of frequency-selective 
networks. Before considering the theory and practice of inductor (secondary winding of 
RF transformer) design in detail it may be useful to survey the requirements of a high- 
quality inductor. A high Q-factor for a given volume is nearly always desirable because 
this enables a better network to be made from a given number of inductors or 
alternatively a given attenuation/frequency characteristic to be obtained. A high Q-factor 
implies a low magnetic loss. It is true that the core that can contain a winding giving the 
lowest ratio of d.c.resistance to inductance has the best overall performance [9]. 


4.2.1 THE INDUCTANCE OF AN AIR-CORED COIL 


Consider an inductor wound on non-magnetic toroidal core as shown in Fig. 
4.1. The inductance of equivalent cylindrical air-cored solenoid having N turns is given 
by Nagaoka’s formula [10]. 


h 


(4.1) 


Where A = , D is the mean diameter of the coil in m = 


is the axial length of the coil in m = . length of opening at ends 
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Magnet i c flux 



Fig. 4,1 Toroidal winding with opening at ends 

Formulas for the ideal case of a current sheet, such as would be attained 
by a winding of very thin tape with negligible insulating space between the turns that are 
wound in a single layer on a toroidal- shaped form is given by Grover [1 1] are 

L = 1 251 f^R - y/R"--(D/2fj fuH (4.2) 

where R = the mean radius of winding form in meter and D= the diameter of the circle 
enclosed by each turn in meter. 

The correction for insulating space AZ, , which is to be subtracted from L, 
is given by Rosa’s method [11]. 

lsL = Q2NnD{G+H) jiiH (4.3) 

in which H is to be taken from table 4.1 for a given number of turns and G is to be 
obtained from the following defining equation: 

G=f-log,2^ (4.4) 

4 a 

where p is the mean of the inner and outer pitches of the winding, 
d is the bare diameter of the wire. 
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4.2.2 INDUCTANCE CALCULATIONS 


The designed toroidal air-cored winding specifications are given below: 
Outer Diameter (OD) of toroid =1500 mm. 

Inner Diameter (ED) of toroid =600 mm, 

Number of turns, N = 280, 
opening at ends = 200 mm 

Mean axial length of winding _ o.2 = 3 .098m 


The core area A = = 0.159m‘ 
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The mean radius of the winding form R = 


OD-D 1500-450 


= 525mm = 0.525m 


The diameter of the circle enclosed by each turn 


D 


OD-ID 1500-600 


= 450mm = 0.450m 


The inductance is calculated from equation (4.1) as follows: 

^ UqN'^A 4x;rx 10"^ X 280^ X 0.159 . 

L - — = fs 5mH 


4 3.098 


The value of inductance calculated from equation (4.2) is as follows: 

L = 1 .257iV' (r - ^R^-iD/lf'j = 1 .257 x 280' ^0.525 - ^(0.525)' -(.450/2)' j 
«5m/7 


These calculation shows that value of inductance is same for both toroidal coil 
formula (equ. 4. 1) and equivalent solenoidal coil formula (equ. 4.2). 



Table 4.1 CORRECTION TERM H IN FORMULA (4.3] 


N 

H 

N 

H 

1 

0 

45 

0.3164 

2 

0.1137 

46 

.3168 

3 

.1163 

47 

.3172 

4 

.1973 

48 

.3175 

5 

0.2180 

49 

.3179 

6 

.2329 

50 

0.3182 

7 

.2443 

55 

.3197 

8 

.2532 

60 

.3210 

9 

.2604 

65 

.3221 

10 

0.2664 

70 

.3230 

11 

.2715 

75 

0.3238 

12 

.2758 

80 

.3246 

13 ' 

.2795 

85 

.3253 

14 

.2828 

90 

.3259 

15 

0.2857 

95 

.3246 

16 

.2883 

100 

0.3269 

17 

.2906 

110 

0.3278 

18 

.2927 

120 

.3285 

19 

.2946 

130 

.3291 


0.2964 

140 

.3296 



.2980 


150 



22 

.2994 

160 

.3305 

23 


170 

.3309 

24 

.3020 

180 

.3312 

25 

0.3032 

190 

.3315 

26 

.3043 

200 

0.3318 

27 

.3053 

220 

.3323 

28 

.3062 

240 

.3327 

29 

.3071 

260 

.3330 

30 

0.3079 

280 

.3333 

31 

0.3087 

300 

0.3336 

32 

.3095 

350 

.3341 

33 

.3102 

400 

.3346 

34 

.3109 


.3349 

35 

0.3115 

500 

0.3351 


36 

.3121 

550 

.3354 

37 

.3127 

600 

.3356 

38 

.3132 

650 

.3357 

40 

0.3142 

700 

.3358 

41 

.3147 

750 

0.3360 

42 

.3152 

800 

.3361 

43 

.3156 

850 

.3362 

44 

.3160 

00 

0.3379 
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4.3 Q-FACTOR 

4.3.1 GENERAL 

The Q-factor of a resonant circuit is the reciprocal of the sum of all the 
contributory loss tangents, tan <5^^, corresponding to the various origins of loss. For this 

reason it is convenient to work in terms of loss tangents 

^ = (4.5) 

The design problem therefore is to calculate the contributory loss tangents 
and to minimize the total. The following sections first consider these loss factors 
separately and then in combination. Finally the overall Q-factor is considered in relation 
to frequency, inductance, type of winding conductor, and the effective permeability of the 
core. 

4.3.2 LOSS DUE TO THE DC RESISTANCE OF WINDING 

If is the dc resistance of a winding and L is the inductance then the 

corresponding loss tangent is 

R^JcoL ( 4 . 6 ) 

At a given frequency this factor depends primarily on the geometry of the 
core. The reciprocal of tan <5^^ is the Q-factor due to the dc winding resistance. It is 
usually impracticable to obtain high Q-factors at low frequencies because (1) in this 
region tmS^^ (= R^^/coL) is almost the only loss contribution so the Q-factor is 

proportional to / , and (2) R<jc/L can only be decreased significantly by using larger cores 
or larger effective permeabilities. Economics limit core size, and the need for inductance 
constancy or adequate adjustment range limits the value of effective permeability. 

If winding wire is chosen in such a way that there dc resistance is very 
small, and then it is possible to obtain very high Q-factors at high frequency. Litz wire is 
chosen for this purpose. 
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4.3.3 LOSS DUE TO EDDY CURRENTS IN THE WINDING CONDUCTOR 


As the frequency increases additional losses occur in the windings due to 
eddy currents induced in the conductors by the magnetic fields within the winding. The 
eddy current phenomenon is considered in detail in chapter 5. 

In the design of inductors, both skin effect and proximity effect need to be 
considered. Both effects depend upon the ratio of conductor diameter, la , to penetration 
depth (skin depth), A . 

Skin effect is the tendency for the alternating currents to flow near the 
surface of the conductor. It is due to eddy currents in conductor, which arise from the 
magnetic field associated with the currents in the conductor itself (Fig 5.1). It causes the 
resistance to increase by an amount, Rse, above the dc value. Therefore the ac resistance 
due to the skin effect may be expressed by 

Rac= Rdc + Rse R<ic(l + 7^)0 (4.7) 

Where F is the skin effect factor. It is given as a function of 2a/ A in Fig 5.5. The skin 
effect loss tangent, tan^^^ , may be calculated from 


tan <5,. 


K _ 


(4.8) 


coL (oL 

In most inductor designs the skin effect loss is small compared with other 
losses. If solid conductors are used, then at low frequencies tan is very small while at 


frequencies for which tan^^^ is near maximum, proximity effect will usually be very 

much larger than the skin effect. With bunched conductor, i.e. conductor formed as a rope 
of insulated strands, the skin effect is usually very much reduced. However, 
measurements have shown that most bunched conductors behave as though the strands 
weave between the outer surface and the center thus preventing skin effect by ensuring a 
uniform current distribution. This arises because bunched conductors are usually made by 
twisting together groups of strands which have , in turn, been twisted together. Thus most 
bunched conductors behave as though the strands are almost perfectly transposed, so the 
skin effect is negligible. More details are in chapter 5. 

The major cause of eddy current loss in inductor windings is proximity 
effect. This is the effect of the magnetic field of the winding as a whole. In most cases 
this field is substantially perpendicular to the axis of the conductor at any point. Eddy 
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currents flow and return along the length of each conductor in such a way as to oppose 
the field. This effect is examined in more detail in chapter 5. Proximity effect loss 
tangent, tan 5 ^ , is given by 




(4.9) 


Where k is constant for a given core and winding geometry, 
is the mean turn length 

is the axial length of winding 
N is the number of turns, 

n is the number of strands in the conductor if bunched conductor is used, 

2a is the diameter of the solid conductor or strand, 
is the effective permeability of core 

is a factor that arises from the tendency of the eddy currents to prevent the field 
from penetrating the conductor; it is a function of 2a /A 


4.3.4 LOSSES DUE TO STRAY CAPACITANCE 

It is assumed that the stray capacitances may be regarded as a single self- 
capacitance, Cs, connected in parallel with winding. This self-capacitance may contribute 
to the total loss tangent in two ways. The first arises simply from the loss angle 
associated with Cs and is refered to as dielectric loss and the second is called shunt 
capacitance loss and arises in certain circumstances due to circulating currents in the LC^ 
circuit. Each loss will now briefly be considered. 


4.3.4.1 DIELECTRIC LOSS 

Besides the capacitive charging currents, real or active currents are also 
present in the dielectrics. These currents are caused due to different types of 
conductivities and polarizations present in the materials. These currents not only depend 
upon the frequency, magnitude of the applied voltage but also upon the thermal 
conditions of the dielectric [12]. The conductive currents present in an insulating material 
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determine its dielectric power loss property. Each conductive current mechanism causes 
currents in different characteristics. The currents contribute to the total dielectric current 
as depicted schematically for alternating voltage is in Fig. 4.2 

The dielectric loss tangent ‘ tan ^ ’ is defined as the quotient of active to 
reactive power loss in a capacitor. It is derived from Fig. 4.2 as follows: 

tan ^ = Active Power / Reactive Power 

_ _ iR(jiotal) (4 10 ) 

The dielectric loss tangent (tan^) represents the complete power loss in a dielectric; 
hence it is a parameter with which the power losses in a capacitor can be estimated. 



Conductivity mechanism 
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Fig.4.2 Conductive mechanism in insulating materials for alternating voltage with 
equivalent circuit and vector diagrams. 


However, tan <5 is a function of frequency and magnitude of the applied voltage as well 
as the temperature of the dielectric, because these affect the conductivity and polarization 
process in the dielectrics. 




When alternating voltage of mis magnitude U and frequency a is applied 
to a condenser having total effective capacitance Cs, the total capacitive conductive 
current Ic(totai) is given by 

Ic(,.« = = (4.11) 

1/6jC, 

The active part of the total insulation current (lR(totai)) is ((sC^U.tmS), hence the active 
power loss ‘Pac’ is given by, 

Pac = 0 }.C^.U\tanS (4.12) 

Where co^lnf and / is in Hz, Cs is in F and U is in volts, P is in watts. 

Loss conductance appearing in parallel with the inductance is 

G^=coC^\md (4.13) 

This loss contributes to a loss tangent, tm.5 ^ , to the overall loss tangent of 

inductor: 

tan 5^ = 6}LG^ = orLC^ tan 6 (4. 14) 

= -^tan5 (4.15) 

^res 

where Cres is the total capacitance required to resonate the inductor L at the frequency 
COUtT ,l.Q. Cres= 1 / a)^L . 

Normally o)^LC^ «:1, i.e. the inductor will not be near self-resonance at 

its design frequency. If, however, a specifications calls for a high inductance at a high 
frequency then self-resonance may be approached and the degradation of Q-factor due to 
the dielectric loss would become appreciable. In the limit tan would equal tan S . 

4.3A.2 LOSS DUE TO CIRCULATING CURRENT IN SELF CAPACITANCE 
This occurs in a series resonant circuit when the inductor is shunted by a 
self-capacitance. The equivalent circuit is shown in Fig.4.3; Rl represents the loss 
associated with the inductor and Cs is at this stage considered loss-free. The impedance 
in series with the resonating capacitance, Cs, is 
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c 

Fig.4.3 Equivalent 
capacitance. 


i? L 

^ V\A^ , 

circuit to illustrate the loss due to circulating currents in the self- 


jR + jcoL 

j(oC\R^j{(oL-\lcoC,)} 


R{\ + 1co^LC^^+ jcolil+CD^LC^^ 


(4.16) 


This assumes that RIcoL and are negligible compared with unity, i.e. 

that the inductor Q-factor is reasonably high and that the inductance is far from self- 
resonance. Both of these conditions are normally satisfied in practice. The real part of this 
expression represents the series loss resistance and this is greater than R by an amount 
2Rct)^LC^ . Since the Q-factor of the inductor is more readily estimated than the value of 

R, this increase in loss resistance is more conveniently expressed as Ico^L^C^ / Q , i.e. the 
loss tangent of the inductor is increased by 2o)^LC^ /Q or 2C^ / . 

If dielectric loss of self-capacitance, tan <5, is also taken into account, by 
including a resistance in series with the capacitance, an expression corresponding to 
equation (4.16) may be obtained in which the real part is 

R + {{2IQ)+tmS)(o^eC, (4.17) 

assuming tan « 1 

Thus the total loss factor, tan , due to the self capacitance in a series 
circuit is given by 

tan<5^=((2/0 + tan<5)fij"ZC, (4.18.1) 

=(2tan +tan^)C, (4.18.2) 

where Q and refer to the inductor. From equation (4.18.1) and (4.18.2), it is clear 
that degradation of Q-factor due to dielectric loss would become appreciable. 
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4.3.5 THE COMBINED LOSS TANGENTS 

Since we are using air core, eddy current and hysteresis losses in core can 
be neglected. The total loss tangent is the sum of all the contributory loss tangents. The 
loss tangent due to the dc winding resistance is inversely proportional to / while other 

loss tangents are approximately proportional to for f^. It follows that, other parameters 
being constant, there will be a frequency at which the total loss tangents is a minimum. 
Table 4.2 shows the summary of loss expressions for inductors. 

Table 4.2 


Summary of loss expressions for inductors 


Loss tangent due to: 

Symbol 

Expression 

Eqn No. 

DC Resistance 

tan^^ 

R^lcoL 

4.6 

Skin effect 

tan^^. 

R^F 

coL 

4.8 

Proximity effect 

tan<5p. 


4.9 

Dielectric loss in self 

capacitance (parallel 

resonant circuit only) 

tan^^p 

ofLC^ tan S 

= -^^tan<5 

c 

^ res 

4.15 

Circulating current in self 

capacitance ( series resonant 

circuit only) 

tan <5,, 

((2 / Q) + tan S) of LC^ 

r 

{lxm6^ +tan^) — ^ 

^res 

4.18 


Fig 4.4 shows a typical variation of all the contributory loss tangents with 
frequency for an arbitrary inductor design. The upper most curve is the total loss tangent. 
At low frequencies the total loss tangent is due almost entirely to the dc resistance of the 
winding. As the frequency rises this contribution first falls, and achieve a minimum. As 
the frequency increases fiirther, it rises again. The relative magnitude of the contributory 
loss tangents at any frequency depends upon the inductor design. At higher frequencies 






Loss tangent 


the total loss tangent may be dominated by the loss due to the proximity effect, the self- 
capacitance or the core. 


1 - Loss tangent due to direct 

current resistance, tan 

2 - Loss tangent due to proximity 

effect, tan 

3 - Loss tangent due to dielectric loss 

in self-capacitance, tan 

4 - Loss tangent due to residual 

loss in core, tan 

5 - Loss tangent due to eddy current 

loss in core, tauiJj. 

6 -Total loss tangent, tan ^ 


Fig 4.4 T 5 ^ical variation of contributory loss tangents with frequency 
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CHAPTERS 


PROPERTIES OF LITZ WIRE 

5.1 INTRODUCTION 

The term Litz wire is derived from the German word Titzendraht’, meaning 
woven wire. Generally defined, it is a wire constructed of thin film insulated individual 
wires bunched or braided together in a uniform pattern of twist and lay length. 

The multistrand configuration minimizes the power losses otherwise 
encountered in a solid conductor due to the “skin effect”. It is a tendency of radio 
frequency current to be concentrated at the surface of the conductor. 

In order to counteract this effect, it is necessary to increase the surface area 
without appreciably increasing the size of the conductor. It is also essential to position 
each individual strand in the litz construction in a uniform pattern moving from the center 
to outside and back in a given length of conductor. 

Even the best constructed litz wires may exhibit some skin effect at higher 
frequencies due to the limitations of stranding. Enamel thin film is used for insulating 
individual strands. Litz wires are generally provided more insulation with a single or 
double wrap or serving, of polyester fiber. Fig 5.1 shows a schematic diagram of litz 
wire. 


1 . Insulated wire 

2 Several groups of twisted wires 

3. Core with several groups twisted together. 

4. Outer Serving 



Fig 5.1 Schematic diagram of litz wire. 

Before considering the theory of litz wire in detail it may be useful to 
discuss power loss due to eddy currents in the winding. 
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5.2 POWER LOSS DUE TO EDDY CURRENTS IN THE WINDING 
5.2.1 GENERAL 

A conductor in an alternating magnetic field develops emfs induced in it and these will 
give rise to eddy currents and associated power loss [13]. The magnetic fields may be due 
to currents flowing in other conductors or due to current flowing in the conductor in 
question or both. The losses may be represented as an increase in resistance of the 
current-carrying conductors above the value measured with direct current; this increase of 
resistance becomes larger as the frequency increases. 

A conductor, which forms part of current-carrying winding, in general 
experience the magnetic field due to its own alternating current and also the field due to 
all the other current-carrying conductors in the vicinity. 


5.2.2 SKIN EFFECT 

A single, straight, isolated conductor carrying an alternating current as 
shown in Fig.5.2 (a), will be surrounded by a concentric magnetic field. This field will 
induce an electric field (according to Faraday’s law) whose associated eddy currents tend 
to oppose the main current in the vicinity of the axis of the conductor and enhance it at 
the surface. Thus the current distribution tends to become non-uniform across the section, 
the current being least at the center and greatest at the surface of the conductor. As the 
fi'equency increases, the induced emfs increase and the non-uniformity becomes more 
pronounced until the current is virtually confined to a thin skin at the surface, and the 
inner region plays insignificant or no role in the conduction. 

Applying Maxwell’s equation expressed by the laws of Ampere and Faraday in 
differential form: 


VxH=J = c7E 
^ dE^ 


VxE = -fi 


\dt 


(5.1) 

(5.2) 


( QE'\ 

where displacement current density s — ( firom 5.1) is neglected inside a conductor. 

ydt ) 

This is permissible since the electric field in conjxmction with the dielectric constant is 
very small, even for rapidly changing fields when compared with the conduction current. 
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Fig.5.2 (a) Skin effect in round conductors. 
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Fig 5.2 (b) Proximity effect in round conductors 
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We evaluate these equations ( equation 5.1 and 5.2) in cylindrical coordinate 
system where E^, Er , and are the only nonzero components. Carrying out the curl in 
cylindrical co-ordinates 


VxH = 
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r dr 
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differentiating with respect to r, we get 
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From equation (5.3) and (5.5), we have 




d dH. 


dt dr 


* - 


= 0 
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d'^E^ 1 SE, 


r^-H — 


dr r dr 


■^a— = 0 


(5.3) 


(5.4) 


(5.5) 


(5.6) 


For the time varying fields, — = jco, so equation (5.6) becomes 

dt 




^ + -^->//crE,=0 
dr^ r dr " 

S^E, 1 SE^ ^ irr n 
+ p E, = 0 


dr^ r dr 

Equation (5.7) is the standard Bessel equation, where 
by 

E,=AJ,(pr) 


(5.7) 

: -jcopa . Its solution is given 


(5.8) 


where A is constant and Jq is the Bessel function of zeroth order. 
Differentiating equation (5.8) with respect to r, we have 
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(5.9) 


-^ = ^PUpr) 

From equation (5.4) and (5.9) in time harmonic form 

^pJ'oipr) = J(OJuH^ (5.10) 

According to Amperer’s circuital law, which states that the line integral of H about any 
closed path is exactly equal to the direct current enclosed by that path, 

jH^dL = I 

=> I = I , where r = a , radius of the conductor 


=> H^2Ka = I 
From equation (5.10) and (5. 1 1), we have 

j 

iTrapJ'^^pa) 


(5.11) 


Putting value of A into equation (5.8), we get 
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(Since Jq (x) = -Jj (x)) 


(5.12) 


Equation (5.12) is the equation for ac current density. Similarly equation for dc current 
density is given by 
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J. 




Normalized current density with respect to the dc current density 

paJo{pr) 
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It shows that for a fixed frequency and fixed radius ‘ a‘, normalized current density is a 
function of ‘ r where r <a(Fig 5.3) [19], 



Fig 5.3 Frequency behavior of normalized ac current density for a 
copper wire of radius a=lmm 


It can be noticed that there is significant increase in current flow towards 
the outer perimeter of the wire even for moderate frequencies of less than \MHz . At 
frequencies around 1 GHz , the current flow is almost completely confined to the surface 
of the wire with negligible radial penetration. An often-used high-frequency 
approximation for the ac current density in z-direction is given by; 

j2jia-4r 

Considering first the negative exponential term, there is an exponential 
decrease in the conduction current density with penetration into the conductor (away 
from the surface). The exponential factor is unity at a-r = 0 and decreases to 

= 0.368 when 


a~r = 


1 




This distance is denoted by A and is termed the depth of penetration, or the skin depth, 

1 


A = 


^trfpa- 


(5.14) 
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To find the ratio of ac resistance verses the dc resistance, consider a round 
solid conductor of radius a and the skin depth A . The dc and ac resistances per unit 
conductor length are 
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For a conductor with A = a, the ratio equals unity; the skin effect can be 
ignored if the diameter of a circular conductor is less than 2A . The above is a crude 
approximation. Even a conductor with radius smaller than A has an ac resistance larger 
than the dc resistance. In general ac resistance of a straight, isolated, conductor of circular 
cross-section is given by 

« ( 515 ) 

where is the increase in resistance due to skin effect, and F is the skin 

effect factor. The skin effect factor is a function of 2a/ A. Referring to Fig 5.5 it is seen 
that when 2a/ A for a round conductor is less than 2 the skin effect is negligible. It 
increases rapidly as 2a/ A increases. This diagram is based on figures given by 
Butterworth’^'*. When 2a /A is greater than 5: 


1+F = - 
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2a 

u 


+1 


(5.16) 
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Fig 5.5 Skin effect factor F and proximity effect factor as a function of for 
ound conductors, based on figures given by Butterworth*"^. 

Skin effect may be virtually eliminated by using conductors consisting of thin 
sulated strands. These are formed so that individual strands weave cyclically from the 
nter of the conductor to outside and back as they mn along the length of the conductor, 
ch a conductor is referred to as Litz wire as described in section 5.1; the stranding and 
isposition makes the current density uniform. However, since skin effect is not usually 
most important form of eddy current loss in winding conductors, it is not usual to use 
special stranding. To combat the proximity effect loss, described in the section 5.2.3, 
;hed conductors are often used. This consists of a number of thin insulated strands 
»ly twisted into the form of a rope. If the strands formed perfect helical paths, keeping 
constant distance from the axis, the skin effect would be the same as for a solid 
uctor having the same copper cross-section (very high), assuming that all the strands 
onnected together at each end of the conductor. In practice, however, such bunched 
luctors are usually made up of groups of strands and appreciable transposition of the 
nds occurs. Careful measurements have shown that most bunched conductors behave 
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as though the strands are transposed almost perfectly and the skin effect can be ignored 
being very low [9], 

In isolation, a perfectly transposed bunched conductor will be subjected to 
further eddy current loss due to its own field of lay lengths traversing the strands, each of 
which carries the same current. This may be called internal proximity effect. It may be 
comparable to, and at high frequencies may be larger than, the skin effect in an 
equivalent conductor consisting of perfectly untransposed strands. However, when a 
perfectly transposed bunched conductor is in a winding, the field due to the bunch, as 
such, largely disappears due to the proximity effect of other turns. The winding behaves 
as if it consists only of strands, carrying all equal current. Under these conditions, only 
the normal proximity effect described in the section 5.2.3 is important. 

Returning to the consideration of skin effect loss in general, the loss tangent due 
to skin effect in an inductor of L henries follows from equation (5.15) 

tan^,,=^ (5.17) 

(OL 

At low value of 2a/ A, F is proportional to and it is therefore 

proportional to . Thus at low frequencies tan^^^ is proportional to / . It may easily be 
shown that it reaches a peak value when = 6 . Thereafter it falls; as F becomes 

approximately proportional to /-^ , tan 8^^ approaches proportionality to / •^ . 

5.2.3 PROXIMITY EFFECT 

This is the eddy current effect in a conductor due to the alternating magnetic 
field of another conductor in the vicinity. In practice this may usually be interpreted as 
the eddy current effect in the conductor of a winding due to the magnetic field of the 
winding as a whole. The field will, in general, depend upon the geometry of the core, if 
any. It must be remembered that any additional windings or conductors in the same field 
will have eddy currents induced in them whether or not they are carrying the main 
current. The resultant energy loss simply add to the corresponding loss in the current- 
carrying windings and these are apparent as an additional resistance in that winding. 
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The magnetic field of a current-carrying winding normally cuts the conductors 
of that winding, or associated windings, perpendicular to the conductor axis. The 
resultant eddy current path and current distribution are shown in Figure 5.2(b) for a round 
wire for which 2a/ A is not large. 

When 2a / A is less than unity the effect of the magnetic fields of the eddy 
currents themselves may be ignored and the calculations of the eddy current losses are 
quite simple. Following derivation of proximity effect in a thin strip illustrates the 
principles. 

Figure 5.6 shows the cross-section of a tape having width b and thickness d . 

An alternating magnetic flux density, B sin cot, is everywhere parallel to the plane of the 
tape. The emf induced in a loop consisting of the two elementary laminates is given by 

E = (dB1xIIsI2 V 
where / is the length of tape being considered. 



Bsinmt 




Fig 5.6 Calculation of eddy currents in a thin strip. 


An eddy currents flow along the laminate parallel to the length of the strip, in 
one direction on one side of the axis and in the opposite direction on the other side. 
Neglecting the short paths connecting the laminates at the ends of the strip, the resistance 
offered to the elementary eddy current is given by 

R = ?:Pi. n 


bdx 


Therefore, the power loss due to proximity effect is 
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dP^=E^IR = (D^B^x^lbdxlp^ 



_ (q'BV 
24 /?, 


It must be remembered that this result applies only when the flux density is 
parallel to the plane of the strip; a small inclination may result in much greater losses. 
Analogous expression may be obtained for a round conductor of diameter 2a, namely 




Tvco'BHilaf 

128p, 


(5.18) 


Since the latter case is more common, the following discussions are for round 
conductors. If the transverse magnetic field is associated with the main current in the 
conductor, the eddy currents cause a distortion in the current density, enhancing it on one 
side of the axis and diminishing it on the other, as shown by the full line in Figure 5.2(b). 

At higher firequencies and with larger conductors, such that ratio 2<ar/A greater 
than unity, field due to these eddy currents significantly reduces the flux density inside 
the conductor and the associated current distribution becomes non-linear as shown by the 
dotted line. 

The effect of eddy current field and the associated non-linear current distribution 
is to reduce the proximity effect loss that would otherwise be present. Butterworth^"^ 
calculated the eddy current loss in round conductors taking this eddy current screening 
into account. These results are most conveniently expressed by introducing a proximity 
effect factor, , into equation (5.18); 


na>^B\2arG, ^ 

^ 128p, 


(5.19) 


This factor, which is dimensionless, function of 2a/ A is plotted in Fig. 5. 5. It is 
valid only for round conductors. When 2a /A decreases to unity, ->1; and when 
2a/ A is increasing beyond 4, 
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It is often necessary to express this loss as the tangent of the proximity effect 
loss angle, , refered to the current-carrying winding. For simplicity it is assumed that 

here is only one winding under consideration and that it is embraced by a magnetic core. 
The magnetic flux density in the winding space, although non-uniform, is everywhere 
assumed proportional to the amperes-tums in the winding. Equation (5.19) may be 
combined with the following relations: 


and 
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where = B^{= B' /2) averaged over the winding space and B^ = kN^P , where A: is a 
constant. 


llp,p^A p. 


(5.20) 


When 2a /A is less than unity, e.g. at low frequencies, G,. =; 1 and tan<J^is 

proportional to the frequency. At higher frequencies the proximity effect usually makes 
an appreciable contribution to the total loss of a wound component. For 2a/ A — 3.5 the 
value of tan 5^ reaches a maximum. At higher frequencies G approaches to {la! A)“^ 

or so tanS^ approaches proportionality of i.e. it falls with increasing 

frequency. 

A reduction of conductor diameter, 2a, will be very effective in reducing 
proximity effect but, by itself, this reduction will rapidly increase the value of and 
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may result in a greater overall loss. The usual method of overcoming proximity effect is 
to use bunched conductors consisting of n insulated strands for the diameter 2a . At each 
end of the winding the strands are soldered together. At low frequencies, the conductor 
has an effective area of nnd^ / 4 . The conductor is twisted such that, in its simplest form, 
each strand follows a helical path. Fig 5.7 shows a side view of two strands in such a 
bunched conductor. The emfs induced in each half-twist are cancelled by those in the 
next. If the bunch has more complicated composition, e.g. seven twisted bunches each of 


seven twisted strands, indeed emf cancellation will still occur. If the number of twists in a 
winding is greater than about ten, the eddy current circulating between the strands may be 
ignored and only those circulating within the strands need be considered. Thus equation 
(5.20) may be applied to the strands of the conductor; 2£?then refers to the bare diameter 
of the strand and / refers to the total length of strands, i.e. Nnl ^ , where is the mean 
turn length. The above equation may now be written in more general form 




(5.21) 


If solid conductors are being considered the same equations may be used but then n = \. 


@ (increasing) @ 



Fig 5.7 The cancellation of eddy-current emfs induced in twisted strands of bunched 
conductors determined by transverse flux. 

5.3 WHEN TO USE LITZ WERE 

High-frequency power transformers require application of Litz wire. High 
currents in the winding force the use of large cross-section conductors. The combination 
of larger cross-section conductors and high frequencies, for the reason discussed in 
section 5.2, is the theoretical requirement of high-frequency Litz conductor. While using 
Litz wire, the following points should be considered: 

1 . Calculate the ratio 2a / A . If this is higher than unity, consider use of Litz wire. 
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2. For a magnetic design, where there is an appreciable amount of flux fringing, e.g. a 
large air gap in the magnetic circuit or for loosely coupled transformer design, Litz 
should be thought of as a means for eliminating the eddy currents due to the stray 
magnetic field. 

3 . The input power of a transformer will be increased by use of Litz wire if the same 
allowable temperature rise is considered as for a solid-wire design. 

4. At frequencies > SMHz, Litz wire becomes less practical. The effect of capacitance 
between the strands is the reasons for this high-fi-equency limit 


5.4 DC RESISTANCE OF A LITZ CONDUCTOR 

The dc resistance of a Litz conductor is related to the following 

parameters; 

1 . American Wire Gauge (AWG) of the individual strands. 

2. Number of strands in the conductor. 

3. Factors relating to the increased length of the individual strand per unit length of the 
wire. For normal Litz wire construction a 1.5% increase in dc resistance for every 
bunch formation and 2.5% increase in dc resistance for every cabling operation is 
considered approximately correct. 

So, dc resistance of any Litz wire is given by 

j?^(l.015f (l.025f 




n 


(5.22) 


Where: = Resistance in ohms per unit length 

= Maximum resistance of the individual strands 
= Number of bunching formation 
= Number of cabling operations 
n = Number of individual strand 

The dc resistance of Litz wire consisting of 2464 strands of 40 AWG 
single polyurethane based enamel on individual strands, operating at 120 kHz and 
designed with seven bunching formations and one cabling operation is given by 

3.78x(l,015rx(1.025y ^ 


R-dc ~ ' 


2464 
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CHAPTER 6 


INSULATION AND DIELECTRIC CIRCUIT 

In transformer dielectrics problems arise by the presence of moisture, vibration, 
partial breakdown (PB), and heat. This chapter is devoted to discussions and analysis of 
one of the most important causes of failures of the high voltage transformer insulation. 

6.1 ELECTRIC FIELDS 

Electric field in dielectric, produced due to the potential on an electrode stresses the 
dielectric (electrical insulation) in contact with ‘electric stress’. The parameter, which 
determines the magnitude to electric stress on the dielectric, is known as the ‘electric 
field intensity’. The knowledge of electric field intensity is essential for studying the 
insulation characteristics of a dielectric and to get familiar with the behavior of 
dielectrics. 

The behavior and utilization of a dielectric mainly depends upon the magnitude 
and type of electric field, it is stressed with. The phenomenon of breakdown of insulating 
properties of a dielectric also depends upon the existing configuration of electric field, 

6.2 ELECTRIC FIELD INTENSITY 

Faraday described the space around a magnet to be filled with ‘lines of magnetic force’. 
Similarly, the region around an electrified object may be considered to be filled with 
‘lines of electric force’. To Faraday, these lines existed as mechanical structures in the 
surrounding medium (the dielectric) and could exert force on an object placed therein. 

The ‘electric field intensity’, also known as the ‘electric field strength’, is 
defined as the electrostatic force F per unit positive test charge q, placed at a particular 
point/?, in a dielectric. It is denoted by E, and expressed in unit ‘Newtons per 
Coulomb’, that is, the force per unit charge. The electric field intensity is measured in its 
practical units of ‘Volts per meter’ (V/m or kV/cm). 

The electric field intensity is numerically equal to the ‘potential gradient’, which 
may be written as. 
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( 6 . 1 ) 


E = - gradO = - VO 
Where O is the scalar potential. 

The qualitative definition of ‘electric strength’ of a dielectric is ‘the maximum 
electric stress a dielectric can withstand’. A quantitative definition is however 
complicated, because a large number of factors affect the electric breakdown of a 
dielectric. These factors include pressure, humidity, temperature, electric field 
configuration (electrode shape and size) , electrode material, voltage waveform, presence 
of impurities and imperfections in the dielectrics, the composition of the dielectric 
material, and the duration and magnitude of the applied voltage[12]. 

6.3 CLASSIFICATION OF ELECTRIC FIELDS 
Electric field can be classified as under : - 

• Uniform fields 

• Weakly nonuniform fields 

• Extremely nonuniform fields. 

6.3.1 UNIFORM FIELDS 

A uniform field is one in which the potential distribution across the electrode gap is 
uniform. The electric field intensity is the same at any point in the electrode gap. The 
breakdown strength of a dielectric is maximum for this type of field. An important 
characteristic of this type of field is that insulation breakdown takes place without any 
partial breakdown preceding the global breakdown. 

In other words, 

U,=U, ( 6 . 2 ) 

Where f/, is the partial breakdown inception voltage and is the breakdown voltage. 

An example of a uniform field is a field existing between two parallel plates. 

6.3.2 WEAKLY NONUNIFORM FIELDS 

In this type of field, the potential distribution across the electrode gap is not uniform and 
hence the field is not the same all over the gap. However this type of field is normally 
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clubbed with the uniform field because of an important identical behavior, that is, here 
also no stable partial breakdown precede the breakdown. 

Therefore, 

(6.3) 

Where U, is the partial discharge inception voltage and t/j is the breakdown voltage. 

Electrode like sphere gaps, concentric spheres and coaxial cylinders generate a 
weakly nonuniform field provided the electrode separation is small. 

6.3.3 7T~?r.' Y NONUNIFORM FIELDS 

An extremely nonuniform field is one in which the potential distribution across the 
electrodes is extremely nonuniform. An example of such a field is that between two 
points /needle electrodes. 

Unlike in uniform and weakly nonuniform fields, in this case, breakdown of the dielectric 
is preceded by a stable PB. The PB is unstable only just before breakdown. Therefore, 

U,^U, (6.4) 

In the case of solid dielectrics, the partial discharges preceding breakdown cause 
permanent damage to the insulation. However, for enclosed gaseous dielectrics, the effect 
is to reduce the breakdown strength of the gas. Every successive PB causes further 
reduction in the breakdown strength. These partial discharges also give rise to 
byproducts, depending upon the type of gaseous dielectric used, some of which are toxic 
and corrosive in nature. The breakdown strength of a dielectric is minimum for an 
extremely nonuniform field. 

6.4 SCHWAIGER FACTOR 

Schwaiger factor introduced by Schwaiger in year 1922 describes the degree of 
uniformity of an dielectric. It is defined as the ratio of the average electric field intensity 
across an electrode gap to the maximum electric field in the gap. Mathematically stated 
as 

F 

(6.5) 

TT 

-^m&x 

Where = Maximum electric field intensity in the gap and 
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= Average field intensity across the gap. 

This factor is a geometrical quantity related to electrostatic field analysis only. Since both 
^mean depend upon the geometry of the electrode system, the value of the 

Schwaiger factor depends upon the geometry of the electrode system 


6.5 ANALYSIS OF ELECTRIC FIELD INTENSITY IN HOMOGENEOUS 
ISOTROPIC SINGLE DIELECTRIC 
I Needle-Needle electrode geometry 

In Fig. 6.1(a), which depicts much smaller spheres, there is an even smaller 
region in which the field is uniform. Here, . For practical purpose, the tiny 

sphere must be replaced by thin needles whose points have small radii of curvature . The 
behavior of small spheres is therefore simulated by the use of needle-shaped electrodes, 
described as needle geometry as shown in fig. 6.1(b). 



Fig. 6.1 Extremely nonuniform field between needle-needle electrodes. 

n Asymmetrical Electrodes 

The field may be asymmetrical as well as nonuniform. If the surface areas of 
each electrode are unequal, and if their separation is comparable, then the intensity of the 
local field in the immediate vicinity of the smaller area electrode will be greater than in 
the vicinity of the larger area electrode. Suppose that one electrode is a flat plane and that 
the other is shrunk in size to a sphere of very small radius r . We thus obtain the point- 
plane electrode geometry of Fig. 6.2, in which, because of divergent field: 

E^-»E,>E^=V^ld 
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There is less field enhancement in the vicinity of electrode ‘a’, if is substantially 
increased (d:$> r). may then be only slightly greater than 



Fig. 6.2 Asymmetrical electrode: point-plane geometry. 

ni Corona and Partial Breakdown 

Electrode configurations with extremely nonuniform fields are more common in practice 
than with the uniform and weakly nonuniform fields. The reasons are, firstly to achieve a 
uniform field, considerable efforts are needed. Secondly, the presence of undesirable 
foreign particles in dielectrics and electrode projections also lead to field distortions, 
hence nonuniform fields. As the difference between the maximum and the mean field 
intensity increases (smaller 77), the field characteristics become more nonuniform. 
Consequently, a poor utilization of the insulating properties of dielectric takes place. In 
extremely nonuniffom fields at voltage much below the breakdown, a stable ionization 
process in the gas confined locally to the region of extreme field intensity can be 
maintained. This is known as ‘Partial Breakdown’ (PB) and when it occurs at fi-ee 
electrodes in a gas, it is called ‘corona’. 


50 



6.6 FIELD ENHANCEMENT FACTOR 

The value of rj also represents the degree of utilisation of the dielectric in between any 
two electrodes. The reciprocal of 7 is denoted by ‘f , which represents the ‘degree of 
nonuniformity’ of an electric field and is termed as "field- enhancement factor So 

1 E 

Field-enhancement factor = f = — = _jssl 

'n 

Field enhancement can occur in symmetrical fields in which there is no 
corona. Thus, if both electrodes are small spheres or needle points, field enhancement 
factor exceeds unity and breakdown occurs at lower voltages than in a geometry of large 
spheres or flat plane electrodes. 

In the transformer, the physical manifestation of small spheres is those 
contours, which have a small radius of curvature. Examples are the sharp edges of a 
terminal or can, the ball of solder on a terminal, and even the tiny globules of solder in 
the vicinity of a splice. The needle point is physically represented by loose strands from a 
lead wire or the sharp point on a poor solder joint. 

6.7.1 PROPERTIES OF COMPOSITE DIELECTRIC 

In practice suitable combinations of different dielectrics, solid-solid or solid-gaseous, are 
frequently used in high voltage apparatus. Such a dielectric combination is known as 
"composite dielectric’. These different dielectrics or phases may be in parallel 
(perpendicular interface) with one another-such as SFe in parallel with solid insulation - 
or less commonly unless purposely designed, in series (longitudinal interface) with one 
another. 

Fig. 6.3 shows a parallel plate condenser with two dielectrics and , forming 
a perpendicular interface in an uniform field. The potential difference U , between the 
two plates, is given by, 

U = E,d,+ E^d^ = +C /2 (6.6) 

The magnitude ofE'i and for an applied voltageC/ between the plates can be obtained 
as follows: 


JtNTcTfr TTr-TTT 

S'.fflSlllE. 
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.^1 + ^ 2.1 d ^ Sr^ 


-.J-+ 

e. B. 


For a similar electrode arrangement as in Fig. 6.3, equation 6.7 is plotted in Fig. 
6.4 for various thickness of dielectric d, and for different values of the ratio (s /e ) 

Fig. 6.4 reveals that the rise in field intensity in the dielectric with lower (air) 

compared with the field intensity in a single system U Id, is much steeper for smaller 
thickness of its layers d^ and for higher permittivities of the other dielectric. 



Fig. 6.3 Potential and field intensity distribution in uniform field with a perpendicular 
dielectric interface. 
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Fig. 6.4 Field intensity with varying dielectric layer thickness in a twin dielectric parallel 
plate condenser. 


6.7.2 RESULTANT PERMITTIVITY FOR COMPOSITE DIELECTRICS 
Consider Equations 6.7 and 6.8 for a homogeneous combination of two dielectrics, 
subdivided into infinite number of layers with materials having permittivities and 

in uniform field. Let the resultant permittivity be . Then, 


where D and E are the macroscopic mean values. Since the field intensities and 
in microscopic multiple layers in uniform field remain unchanged, then 

D — = B 2 E 2 

by introducing this in equation 6.7 or 6.8 and rearranging, we obtain. 


In this expression f//<i represents the mean value of field intensity E within the 
composite dielectric. The relation d,ld and represents the volumes of respective 

dielectrics, hence these can be replaced by Vj and Vj . Therefore, 


1 

(did d2ld'\ 

_J + _2 

, ^2 y 


^ i (6.9) 

{yjs,)+{v2ls2) 

for a combination of n dielectrics, 

. i- (6.10) 

{vj s^)+{y 2 l ^ 2 )+ (t'„/0 
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Thus the resultant permittivity of a homogeneously formed composite dielectric 
would depend the volume proportions and permittivities of individual dielectrics. 

Though the above example has been explained for uniform field configuration, 
the phenomenon is true for nonuniform fields also. Such as air pockets of arbitrary shapes 
in solid dielectrics, known as voids, are very common in high voltage apparatus like 
power cables, bushings, insulators, capacitors, current and voltage measuring 
transformers, etc. It is essential to avoid such voids in solid insulation system because a 
sharp rise in field intensity there leads to the problems of partial discharges. 

6.8 POLARIZATION UNDER ALTERNATING VOLTAGE IN INSULATTNG 
MATERIALS 

On applying alternating field to a dielectric, the dipoles or the charges must change then- 
direction every cycle. If the frequency of alternating field is very low, in other words, if 
the duration of half cycle is very long compared to the required relaxation time (time 
required for the formation of dipoles as well as their displacement) of the dipoles, then 
the polarization caused by orientation of dipoles would have its maximum effect. Let this 
be represented by in Fig.6.5. In the equivalent circuit diagram shown in this figure for 

the region of the frequency ( <y « <y^ ), Cp represents the increase in capacitance caused 
by polarization, whereas Rp represents the pure resistance required to interpret the time 
dependance of polarization. The time constant is given by, 

r*p — pR-p 

At very high frequencies, where the duration of a half cycle is very short 
compared to the relaxation time, the dipoles are not in position to follow the change in 
the field intensity. This reduces the polarization caused by orientation of dipoles, which 
ultimately diminishes to zero at very high frequencies as illustrated by the right hand side 
of the curve in Fig.6.5. It is represented by a lower constant value of relative permittivity 
. The total effective capacitance in this region of very high frequency is C , as shown 

in the equivalent diagram. 


54 




Fig. 6.5 Polarization under alternating voltage showing effect of frequency and 
temperature on relative permittivity and polarization losses. 


In the transition domain of frequency, also known as the ‘dispersion domain’, the 
relative permittivity depends strongly upon the frequency. Corresponding to the 

relaxation time tp , the eigen frequency ‘ ’ of the dipoles is defined as: 




( 6 . 11 ) 


The eigen frequency of a dielectric is its characteristics property and may vary 


considerably for different dielectrics. For example, it is 10 kHz for hard pressed boards, 
whereas for highly purified water, it is of the order of 100 MHz. Eigen frequency of 
dielectrics is also a function of temperature. It is influenced by the binding energy of 
material, which in turn is affected by temperature. Consequently, at higher temperatures 
the eigen frequency of a dielectric increases, as shown in Fig. 6.5. 
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Fig. 6.6 Plot of complex relative permittivity variation with frequency of applied voltage. 

From The equivalent circuit diagram given in Fig. 6.5 for the region ro (for 
example power frequency region), the total vector current i is given by. 


/ = -h ip 


where the polarization current constitutes of real and reactive parts. The total 

reactive current is then given by, 

lTotal{reactm) ~ 

and the total active current is . 

The angle between total vector current and the total reactive current in the dielectric 
is known as angle 5p , which is a measure of the active power loss in the dielectric due to 
polarization. The tangent of angle 6p is equal to the ratio of total active to reactive 

currents, that is, the ratio between the real and imaginary parts of the current in the 
dielectric due to polarization, as shown by the vector diagram for the currents. 


tan^p = 




From Fig.6.6 and equation 6.13, 


tan 5p = -f 


tmSp 




^r2 1 + 


+Ae,. 


(6.23) 
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From Fig. 6.6, it is clear that tan Sp has a maximum value in the dispersion domain of the 
frequency, and for {cojco ^ ) ^ » 1 , tan Sp tends to be equal to zero. 

Accordingly a schematic plot of tan dp with respect to the frequency is shown in Fig.6.5. 

6-9 INSULATING MATERIALS USED IN RE TRANSFORMER 
Optimum utilization of all insulating materials employed for building up a RF 
transformer in consonance with their mechanical, physical, chemical and thermal 
characteristics is necessary for obtaining a compact size transformer. Table 6.1 gives the 
dielectric properties of materials used in a RF transformer. 


Table 6.1 


Dielectric pro 

perties ofinsu 

lating materials used in RF transformer 

’roperties 

Enamel 

(polyurethane 

based) 

Polyester 

Fibre 

(Tergel)t^^^ 


Nomex 
Paper 
(10 mil) 

SFg at 1 
atm.[^J 

Kapton 

Tape(1.00mil 

thick)P^’ 

lelative 

lermittivity 

•t 100 Hz 

3.2 

3. 0-3. 2 

4.5-52 

2.8 


3.4 

lielectric 
Strength 
in uniform 
ield) 

> 3 1 kV/mm 

157 

kV/mm ( 
for 2 mil 
thick) 

27 kV/mm 
( perp. to 
laminations, 
1/16”) 

39 

kV/mm 

8.9 

kV/mm 

303kV/mm 

60 Hz 
m5 

IMHz 

— 

0.0021 

0.012 

0.015-0.017 


<5x10-^ 

0.0018 (IkHz) 

lot-spot 
lax, °C 

180 

125 

150 

180 


200 



6.9.1 APPLICATION OF INSULATING MATERIALS 

1. Enamel: A very thin Polyurethane based enamel film is coated around individual 
strands of Litz wire because of its low losses and its solderability. 

2. Polyester Fibre: Major component of polyester fibre is polyethylene terephthalate 
named as Dacron manufactured by Du Pont. Litz wires are insulated with a double 
yarn polyester fiber and hence function as serving. 
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3. Epoxy resin bonded glassfibre: NEMA Grade G-11 material is fine weave, 
continuous filament, fibreglass sheets bonded with epoxy resin. This material have 
the ability to maintain excellent mechanical, electrical, and physical properties at 
temperatures in excess of 250 ° F. RF transformer core is made of this material in 
toroidal shaped High machining has been done as per tolerance required for the high 
voltage winding. The entire toroidal structure (Fig 2.2) has been polished with epoxy 
material to get the compatibility with SFe gas. 

4. Nomex Paper: Nomex paper have characteristics which make them ideally suited for 
electrical insulation application. Nomex paper is used as insulation between tum-tum 
where two adjacent turns touches i.e. inner side of Toroidal core. 

5. SFe Gas 

5.1 General: Adopting high frequency minimize the size of the transformer. A 
factor influencing this size is the maximum electric stress which can be tolerated by 
the insulating media within the transformer. Oil insulated transformers are heavy and 
prone to leaking. The oil needs to be regularly cleaned the impurities build up at high 
stress points which can lead to electrical breakdown. SF6 gas at 6 atm. is used as 
insulation and cooling media in this RF transformer because of its superior dielectric 
properties, its chemically inert and nontoxic characteristics, and good heat transfer 
properties. SFg gas has a dielectric strength 3 times higher than that of air. A method 
of reducing the required insulation gap between tum-tum is to encapsulate the 
transformer in a sealed unit containing SFe gas at a pressure above atmospheric. 
Another advantage of adopting this technique is that SFe gas can have heat transfer 
coefficient*^^' upto 3 times that of air, which assists heat dissipation from the 
windings. Thermal dissociation in highly purified SFe gas begins at extremely high 
temperatures (above 1000 K). Even at continuous temperature upto about 500 K, 
neither thermal decomposition of SFe nor its chemical reaction with other materials 
has been reported. Further, SFe is a nontoxic, colorless and odorless gas. 

The density of gases increases with relative molecular mass. As the 
molecular mass of SFe is quite high (146), it has a high density. Because of high 
density the charge carriers have a short mean free path. This properties, along with 
the properties of electron attachment, i.e., electronegativity and high ionization 
energy, results in high dielectric strength of SFe. 
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At atmospheric pressure, i.e., 0. 1 Mpa and 20°C the field intensity E ,, , for SF^ gas in 
uniform fields is given by the relation; 

£ 

K=(~)rP =890.p kV/cm 

P 

where (~), represents the inherent relative strength of the SFs gas. 

5.2 External factors affecting Breakdown Characteristics in SFg Gas 

(a) Effect of electrode materials and their surface roughness on Breakdown: 

The experimental measurements have shown that it is not the electrode material but 
its surface roughness factor, which affects the breakdown strength. For an electrode 
configuration in weakly nonuniform field, the practical breakdown voltage of SFe can 
be estimated from the following relation: 

where is the pressure dependent roughness factor. At a certain value of mean 

roughness Rj affects the roughness factor more adversely at higher pressures, 

bringing, down the breakdown strength/voltage of the gas for a given electrode 
configuration. Extra effort and care must be taken while preparing electrodes for use 
in high voltage insulated systems where SFe gas pressure of the order of o.4 Mpa is 
practiced. 

(b) Effect of foreign particle contaminants: Compressed gas filled systems are 
highly sensitive to a free or a fixed particle contaminant, which may be conducting or 
nonconducting. The particles may either be free to move under the influence of the 
applied field or be fixed on electrodes in the form of protrusions. Such particles 
constitute a serious threat to the safe and reliable operation of gas insulated systems. 
The extent of their effect on the electric strength of the gas largely depends upon the 
pressure and the designed electric field intensity in the system. On the top of these, 
the extent of damage also depends upon the type of the voltage applied and its 
polarity. 

6. Kapton Tape: 1 mil thick Kapton tape is warped over polyester fiber. 
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CHAPTER? 

OPTIMAL DESIGN OF SINGLE-LAYER AIR-CORE TOROIDAL 
INDUCTORS FOR HIGH FREQUENCY APPLICATIONS 

7.1.1 INTRODUCTION 

The behavior of air-core inductors at high frequencies is very different from that at low 
frequencies. Skin and proximity effects cause the winding resistance to increase 

proportional to approximately yff and the inductance to decrease slightly with 
increasing operating frequency / . Furthermore, the parasitic or stray capacitances of the 
winding cannot be neglected at high frequencies. Parasitic capacitances significantly 
affect the inductor behavior and are responsible for resonant frequencies. An inductor 
behaves like a capacitor above its first (parallel) self-resonant frequency. Since the 
desired inductors must operate at high frequency (120 kHz), their first (parallel) self- 
resonance must be at a reasonably higher frequency. 

In this chapter, a procedure for the optimum design of single-layer toroidal 
shaped air-core inductors is discussed using an analytical approach based on few 
simplifying assumptions. The presence of a shield is taken into account. 

7.1.2 BASIC ASSUMPTIONS 

In order to minimize the effects of parasitic capacitances, inductors are usually made of a 
single wire, wound as a single-layer toroid without any ferromagnetic core. Furthermore, 
an air core does not introduce hysteresis and eddy current losses. The distance between 
turns is usually increased enough to reduce tum-to-tum capacitances. 

L R 

, , — rvw-o — VW-| * 



Fig. 7.1 Simplified HF model of inductors 
Since the parasitic capacitances are distributed parameters, so in order to obtain 

the lumped parameter of the circuit shown in Fig. 7.1 the following assumptions are 

made: 
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1. For the winding of interest, capacitances between non-adjacent turns are small 
compared to capacitances between adjacent turns. As a consequence, the capacitances 
between non-adjacent turns can be neglected. Moreover, the distance between the coil 
and the shield is usually large enough so that we can neglect the tum-to-shield 
capacitances also. 

2. The same current flows through all the turns. This means that edge effects are 
neglected and each turn has the same series equivalent inductances I, . 

Under these assumptions, the equivalent circuit of Fig 7.2 can be simplified as 
shown in Fig. 7.3. 



Fig. 7.2 HF distnbuted equivalent circuit for a single -layer air core inductor with a shield. 


L K Li Ik L, R, 



Fig. 7.3 Simplified HF distributed equivalent circuit. 

In this circuit, the values of parameters of the model of Fig. 7.1 satisfy the following 
conditions 

L = NL, , R = NR, , C = CJ{N-l) (7.1) 

VHF equivalent circuit for a single-layer air-core inductor with shield is 
shown in Fig. 7.4. In this condition, impedances of RL branches of the equivalent circuit 
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of Fig. 7.2 are much higher than the impedances of the shunt capacitances C, . As a 

consequence, the equivalent circuit becomes a capacitive network. In this case, tum-to- 
shield capacitances are also taken into account. 



Fig. 7.4 VHF equivalent circuit for a single-layer air-core inductor with shield 


7.2. FORMULATION OF THE PROBLEM 


The design of optimized inductors can be formulated as a general nonlinear progr ammin g 
problem [30-31] as follows; 



find x = (x„X2, ,xj 


such that 


F{c, x) is minimum (maximum) 

(7.2) 

subject to; 


^r,(c,x) = 0, /=1,2, ,r. 

(7.3) 


/?^(f,x)<0, 7 = 1,2, ,5 

(7.4) 


X; < X » x„ 

(7.5) 

where F{c, x) , (c, x) = 0 and (c, x) < 0 are real-valued scalar functions; 

c is a set of 


constant parameters; r is a vector of n variables for which the optimization is to be 
accomplished. The distinction between the variables and the constants depends upon the 
design philosophy and the manufacturing constraints, x^ and are vectors whose entries 
are the lower bounds, and upper bounds of x variables, respectively. The function 
F(c,x) is called the “objective function”, for which the optimal values of x result in the 
minimum (maximum) ofF(c,x). Usually, the objective function may be identified with 
the cost, weight, losses, quality factor, etc. of the inductor. Additional requirements 
and/or dimensional limits of the inductors are referred to as ‘constraints , and can be of 


63 



two types: equality (7.3), and inequality (7.4). Any designxthat satisfies (7.3) and (7.4) is 
called a feasible design , and the region generated by these constraints is called a 
“feasible design region . The values of x in this region comply with the design 
requirements, and among these points is the optimal solution. For the considered 
problem, both the objective function and the constraints are nonlinear multivariable 
functions. The input data for the HF inductor design are: 

1. The rated inductance 7-^ , 

2. The maximum operating frequency , 

3. The rated current. 

The maximum operating frequency can be expressed as a fraction of the first self- 
resonant frequency /, of the inductor, with ^^<1. The self-resonant 

frequency can be calculated as a function of the overall stray capacitance of the 
inductor: 



This means the overall stray or parasitic capacitance Q can be assumed as an input 
parameter instead of . With reference to Fig. 7.5, the geometric parameters for which 

the optimization must be achieved are 

1 . The diameter of the coil D. 

2. The number of turns N. 

3. The winding pitch p. 

4. The wire diameter d. 



Fig.7.5 Air core inductor cross section with its essential dimensions 
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A single-layer solenoid air-core inductor having N turn is assumes for 
simplicity. Each turn consists of a single Litz-wire with a square cross section having 
comer in round shape. The wire diameter d is normally chosen among the standardized 
ones on the basis of the rated current of the inductor. Thus, if we want to optimize the 
inductor with respect to the weight and cost of the winding, we choose the wire diameter 
equal to the smallest possible diameter compatible with the expected values of the current 
density. Obviously, this condition does not imply minimum coil resistance and losses. 
Hence, at the beginning of the optimization procedure, the wire diameter d can be 
considered an already fixed quantity and treated as a constant parameter. We have to 
given a fixed Coil diameter and fixed number of turn. Therefore, we havec = <i 
andx = (/),A,/?). 

We can adopt as an objective function the total length of the copper wire. 
Therefore, we have 

F{x) = C(D, N.p) = N^iTTDf+p^ 

For a fixed diameter d , the minimization of the proposed objective function 

reduces the copper weight (cost) to a minimum value. Neglecting the influence of the 
design variables on skin and proximity effects, also the rvinding resistance and losses are 
minimized. 

On the basis of previous considerations, the constraints of the problem under 
consideration can be written as 

gix) = L{d,D,N,p)-L^=0 il.l) 

h(x) = (\d,D,N,p)-C,<0 (7.8) 

Where LandC are the inductance and the overall stray capacitance of the coil, 
respectively. When shield effects are taking into account, then equation (7.8) becomes 
h(x) = C(d, D, N, p,h)-C„<0 (7.9) 

where h is the average distance between turns and shield. 

The ranges of variation of variables D, N and p are normally limited. In particular, 

the lower bounds are assigned by geometrical limits as follows: 

D>d, N>\ with integer iV , p>d 
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The upper bounds could be limited by other technical constraints. These could be 
input data for the design. For example, in this case, upper limits are 
/;-450 mm iV = 280 and p<l5 mm 

7.2.1 CALCULATION OF DISTRIBUTED CAPACITANCES 

The cross-sectional view of uniformly wound wire of square cross sections, and shields is 
shown in Fig. 7.6. 



Fig. 7.6. Cross-sectional view of coils and shields. 


In order to carry out the analysis of such inductor, we assume that tum-to-tum 
capacitances can be calculated by the capacitance per unit length of two infinitely long 
straight parallel conductors placed in homogeneous medium, thus neglecting the turn 
curvature. Under the previous assumption and if the thickness t of the insulating coating 
is small compared with the air-gap (p-2r ), an analytical expression for the tum-to-tum 
capacitance (\ can be obtained for wires of square cross-section [33] as 




nDa 

p-a 


(7,10) 


where A: is a factor accounting for edge effects which is a function of the winding 
geometry. Equation 7. 10 is obtained neglecting the contribution of the insulation coating 
thickness. If the thickness of the insulating coating is significant, it is possible to modify 
equation 7.10 obtaining the following result [34]; 

nDa 


C=k£,. 


p-a-2t(\-l/ s^) 


(7.11) 


We can evaluate the tum-to-shield capacitances of the structure by neglecting the 
curvature of both the turns and shield. Under this assumption and neglecting the 
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contribution from the insulation coating, we can calculate the tum-to-shield capacitance, 
( ^ , through the capacitance per unit length between an infinitely long strai ght conductor 
and parallel-conducting plane given by [33] 


( 



In ( 2 / 1 / a) + 



(7.12) 


7.2.2 CALCULATION OF THE OVERALL PARASITIC OR STRAY 
CAPACITANCE 

For the equivalent circuit shown in Fig. 7.3, the overall stray capacitance C is given by 
equation 7 .1. In order to evaluate the overall stray capacitance C of the equivalent circuit 
depicted in Fig. 7.4, the conducting shield can be regarded as a single node where all the 
tum-to-shield capacitances C,, are connected and the symmetries of the circuit can be 

exploited. In fact, for a coil with an even number of turns, we firstly can consider the two 
turns in the middle of the winding. For these two turns, the capacitor network consists of 
the capacitance between the two turns, in parallel with the series combinations of the 
tum-to-shield capacitances. The equivalent capacitance of this network is 
C(2) = C,+CJ2 (7.13) 

For coils consisting of an odd number of turns, we first consider the tree turns placed in 
the middle of the winding. The equivalent capacitance of the network associated with 
these three turns is given by 

C0) = CJ2+CJ2 (7.14) 

In order to get the overall capacitance for coils consisting of any number of turns, we 
observe that adding one more turn at each side of the above mentioned turns, the overall 
capacitance of the previous arrangement is in series with two more tum-to-tum 
capacitances and then in parallel with the series combination of two more tum-to-shield 
capacitances. Thus, for N turns we have 


CiN) = 


C{N-2yCJ2 

C{N-2)+CJ2 


+ CJ2 


(7.15) 
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7.3 RESULTS AND DISCUSSION 

In order to test the proposed method for stray or parasitic capacitance calculation, 
dimensions ot a toroidal shaped air-core inductor with a single-wire single-layer wound 
having N turns is shown in Fig. 7.7. Stray capacitance for different winding pitches (p), 
different edge factor (k), different shield distance (h) was estimated using MATLAB. 
Applied technique for stray capacitance calculation matches with results of the model 
given in [31]. With a given values of inductance (5 mH) and working frequency (120 
kHz), we required overall capacitance such that self-resonant frequency (/,) should 

be three times greater than working frequency / , i.e. /q > 3/ . So from equation 7.5, 

I 

j==- > 3/ 

Putting values of inductance and working frequency in above equation, we have 

=L===_> 3x120x10' 

iTiyjSxlO ’xC„ 

=> C, <39. 1 pF 

At resonance frequency 480 kHz, 

_J==_ = 3x480x10' 

2;r^xlO"'xC, 

=> r; s 20 pF 

So we can assume that the value of overall stray capacitance should be less than 
20 pF to achieve self-resonance frequency greater than 360 kHz. 
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7.3. 1 STRAY CAPACITANCE FOR DIFFERENT EDGE FACTOR k : 

Fig. 7. 1 1 shows a value of stray capacitance for different edge factor k with all other 
parameters remains constant. The geometrical parameters and calculated values for the 
tum-to-turn capacitance ( , , tum-to-shield capacitance, overall stray capacitances are 
given in table 7. 1 . Fig. 7. 1 1 shows that stray capacitance increases with edge factor. 


Table 7.1 


Geometrical Parameters of Inductor for different edge factor (k) 

For all cases: N=-280, Insulation coating, t=0.1 mm of relative permittivity, £,.= 3.0, 
shield distance ( h )=400 mm 


Edge 

factor 

k 

Coil Diameter 

D (mm) 

Wire size 

uf(mra) 

Pitch 

p(mm) 

Tum-to-shield 

capacitance 

C,(pF) 

Tum-to-tum 

capacitance 

C,(PF) 

Overall stray 

capacitance 

C,(pF) 

1.0 

450 

4.8 

10.4 

13.5385 

16.0196 

11.6628 

1.2 

450 

wm 

10.4 

13.5385 

19.2235 

12.3411 


450 





12.944 


Table 7.2 


Stray capacitance for different values of edge factor (k ) 


Edge Factor 

k 

Tum-to-tura capacitance 

c,m 

Overall stray capacitance 

C>F) 

1 

16.0196 

11.6628 

1.2 

19.2235 

12.3411 

1.4 

22.4274 

12.944 
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No. of turns 


Fig 7.8. Calculated stray capacitances for different values of the winding edge factor A: . 



Fig. 7.9. Comparison of Stray capacitance at different winding edge factor. 
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7.3.2 VALl!E OF STRAY CAPACITANCE WITH AND WITHOUT 
INSULATION COATING OVER WIRE 

Table 7 3 and 7.4 shows the value of stray capacitance with and without insulation 
coating over Litz wire. Although, insulation thickness is 0.1 mm, there is a slight increase 
in capacitance due to insulation coating. Fig. 7.10 shows the variation of overall stray 
capacitance with a number of turns of coil with and without insulation coating. 

Table 7.3 


Geometrical parameters for inductor with and without insulation coating 



Edge 

factor 

k 

Coil Diameter 

D (mm) 

Wire size 

a (mm) 

Pitch 

^(mm) 

Shield distance 

/j(mm) 

No. of Turns 

N 

tout 

1.0 

450 

4.8 

10.4 

400 

280 

lation 







h insulation 

1.0 

450 

4.8 

10.4 

400 

280 

0.1 8^=3.0 








Table 7.4 

Stray capacitance with and without insulation coating 



Tum-to-tum 

capacitance 

C,(pF) 

Tum-to-shield 

capacitance 

C,(pF) 

Overall stray 

capacitance 

C^F) 

Without Insulation 

15.1702 

13.5385 

11.4834 

With insulation 

/ = 0.1 e^=3.0 

16.0196 

13.5385 

11.6628 
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Overall stray capacitance (pF) 



No.of turns 


Fig. 7.10. Measured capacitances with and without insulation coating. 



Fig.7.11 Comparison of stray capacitances with and without insulation coating. 


73 




7.3.3 VALUES OF STRAY CAPACITANCE FOR DIFFERENT VALUES OF 
THE WINDING PITCH 

Minimum value of' pitch is limited by the size of the wire, which is equal to 5 mm. 
Designed pitches are: 

Inner pitch = 5.8 mm 
Outer pitch = 1 5 mm 
So, average of this becomes 10.4 mm. 

Maximum opening at the outer periphery of toroid is 500 mm, so 
Maximum value of pitch r 4 > 279 x =n:xl 500 - 500 => /? = 15 mm 

Value of stray capacitances and geometrical parameters for different winding pitch 
is tabulated in Table 7.5 and 7.6. Fig 7.12 and 7.13 shows the variation of tum-to-tum 
capacitance and overall stray capacitance with number of turns for a different winding 
pitch. Fig 7.14 reveals that tum-to-tum capacitance and overall stray capacitance 
decreases with increasing winding pitch. At designed pitch (p=10.4 mm) overall stray 
capacitance is 1 1 .6628 pF which is less than 20 pF. Also, inductance value for pitch 
(p=10.4 mm) is 5 mH, which we require. 


Table 7.5 

Geometrical parameters of inductor for different winding pitch 

With insulation oft = 0.1 mm, =3.0 over Litz wire 


Edge factor 

k 

Coil Diameter 

D(mm) 

Wire size 

a (mm) 

Pitch 

/7(mm) 

Shield distance 

/i(mm) 

No. of Turns 

N 

1.0 

450 

4.8 

10.4 

400 

280 

1.0 

450 

4.8 

12.0 

400 

280 

1.0 

450 ' 

4.8 

13.0 

400 

280 

1.0 

450 

4.8 

15.0 

400 

280 
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Table 7.6 


Values of stray capacitances for different values of winding pitch 


Average pitch 

P (mm) 

fum-to-tum 

capacitance 

c;(pF) 

Tum-to-shield 

capacitance 

C.(pF) 

Overall stray 

capacitance 

C.(pF) 

10.4 

16.0196 

13.5385 

11.6628 

12.0 

13.2245 

13.5385 

i 

11.0564 

13.0 

11.9745 

13.5385 

10.7688 

1 10 

10.1325 

13.5385 

10.3227 



Fig. 7.12. Calculated Stray capacitance for different values of the winding pitch. 
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Overall stray capacitance (pF) 


p=13.0 mm 
p=15.0 mm 





7.3.4 VALUES OF STRAY CAPACITANCE FOR DIFFERENT VALUES OF 
THE SHIELD DISTANCE 

Shield distance means ‘ average distance from each turn to shield’. Designed value of 
average shield distance is 400 mm. It is clear from Fig. 7. 15, Fig. 7. 16 and Fig.7.17 that 
tum-to-shield and overall stray capacitances decreases with increase in shield distance. 
Without shield oveiall stray capacitance is CJN—\. Introducing shield causes an 

increase in overall stray capacitance. Without shield overall stray capacitance decreases 
with increase in number of turns. On the other hand, with shield, it remains constant after 
a certain number of turns. 


Table 7.7 

Geometrical parameters of inductor for different shield distance 

With insulation of t = 0.1mm , ^^=3.0 over litz wire 


Edge factor 

k 

Coil Diameter 

/) (mm) 

Wire size 

a (mm) 

Pitch 

/)(mm) 

Shield distance 

A (mm) 

No. of Turns 

N 

1.0 


4.8 

10.4 

300 

280 


I^IIIIIIQQIIIIIII^ 

4.8 



280 



4.8 


400 

280 

1.0 


4.8 

10.4 

450 

280 


Table 7.8 

Values of stray capacitances for different values of winding pitch 


Shield Distance 

Tum-to-tum 

Tum-to-shield 

Overall stray 

h (mm) 

capacitance 

capacitance 

capacitance 


C,(pF) 

C,(pF) 

C.(pF) 

300 

16.0196 

14.2439 

12.0853 

350 

16.0196 

13.857 

11.854 

400 

16.0196 

13.5385 

11.6628 

450 

1 

16.0196 

12.2694 

11.5007 
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Overall stray capacitance (pF) ^ ‘ Overall stray capacitance (pF) 



Fig. 7.16 Calculated stray capacitances for different values of the shield distance. 
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stray capacitances (pF) 



Fig. 7.17 Comparison of stray capacitances for different values of the shield distance. 
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CHAPTER 8 


EXPERIMENTAL INVESTIGATIONS 


8.1 INTRODUCTION 

Following experiments were performed in this work; 

1. High frequency response of inductor with toroidal core. 

(a) High frequency response of prototype air-core toroidal inductor 

(b) High frequency response of ferrite core toroidal inductor 

2. High frequency response of 2464/AWG 40 Litz wire of 1 m length 

(a) Determination of Loss tangent of Litz wire conductor with variable frequency 

(b) Determination of dielectric loss tangent of litz wire insulation with variable 
frequency 

3. Breakdown tests on square litz-wire just over the polyester yam cover. 

8.2 HIGH FREQUENCY RESPONSE OF TOROIDAL SHAPED INDUCTOR 

To perform this experiment a prototype Air-core toroidal inductor (rectangular cross 
section) and ferrite core toroidal inductor (rectangular cross-section) were built. 
Inductance and quality factor of each model were measured using “HP 4284 A Precision 
LCR meter”. Measured value is tabulated in table 8.1 and 8.2. High frequency response 
i.e. inductance Vs frequency and quality factor Vs frequency are shown in tables and 
Fig. 8.1 to 8.3. It is clear from these figures, that air-core toroid inductor has better 
frequency response than ferrite core. Since we require an inductor (secondary winding of 
RF transformer) of about 5 mH. Also we need inductor having very high Q-factor for a 
better attenuation. Therefore, Tables and Fig. 8. 1-8.3 reveal that air-core toroidal inductor 
is the best choice for this purpose. 
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Table 8.1 


Measured data foi prototype air-core toroidal inductor (rectangular cross section) 

N - 220 turns, SWG - 1 7, single wire, single layer spaced. Outer diameter of toroid = 


1515 mm. Inner diameter of toroid = 455 mm, Axial height = 5 10 mm 



Frequency 

Inductance 

Quality factor 


/ (kHz) 

L (mH) 

e 

1 

7.0306 

8.68 

10 

6.934 

83 

20 

6.925 

151.8 

30 

6.912 

210.9 

40 

6.894 

261.8 

50 

6.874 

312.5 

70 

6.843 

371.4 

71.42 

6.811 

454.8 

80 

6.78 

605 

85.714 

6.76 

686 

96 

6.716 

890 

100 

6.7 

962 

120 


2665 

125 

6.553 

5675 

150 

6.402 ^ 

-1265 

160 

6.327 

-900 

166.6 


-590 

200 

5.912 

-352 

240 


-204.5 


5.304 

-184 


4.465 

-105 

333.3 

3.797 

-74 

400 

2.278 

-36.5 

480 

0.503 

-8.13 

500 

0.137 

-1.92 


-1.208 

-38.9 


-1.422 

-66.5 

666.6 

-1.48 

-93.1 

800 

-1.049 

201 


0.487 

25.5 

1000 

0.003 

1 
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Table 8.2 


Measured data for ferrite core toroidal inductor (circular cross section) 

N=1 36 turns, SW(i- 17, single layer single wire spaced, Outer diameter of toroid=145 

mm, Inner diameter of toroid=83 mm 


Frequency 

Inductance 

Quality factor 

/ (kHz) 

L(mH) 

0 

1 

4.52 

50 

1.2 

4.79 

48.38 

5 

12.3 

34.87 

10 

20.3 

31.46 

20 

26.3 

29.6 

30 

28.5 

29.11 

50 

29.9 

28.78 

60 

25.8 

30.49 

80 

22.9 

32.23 

85.714 

21.2 

33.541 

96 

19.6 

34.31 

100 

19.3 

34.81 

120 

14.5 

40.67 

150 

8.2 

57.33 

200 

0.62 

550 

250 

4.2 

-55.39 

300 

7.38 

-23.02 

400 

10.8 

-9.377 

500 

12.5 

-5.5296 

600 

13.6 

-3.4434 

800 

14.8 

-1.7764 

960 

14.9 

1.16 

1000 

1 

0.00322 


82 





(b) 

rig.8.1 (a) Q-curve and (b) Inductance curve, for prototype air-core toroidal inductor 

(rectangular cross section) of following specifications. 

Number of turns, N=220, Outer diameter of toroid (OD)=1515 mm 
Inner diameter of toroid (ID)=455 mm, Axial height of toroid =5 10 mm 
Winding: SWG 17 single wire single layer spaced. 

Original data measured using “HP 4284A precision LCR meter”. 
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600 



0 ) 



(b) 

Fig.8.2 (a) Q-curve and (b) Inductance curve, for ferrite core toroidal inductor (circular 
cross section) of following specifications: 

Number of turns, N=136, Outer diameter of toroid (OD)=145 mm 

Inner diameter of toroid (ID)=83 mm 

Winding: SWG 17 single wire single layer spaced. 

Original data measured using “HP 4284A precision LCR meter”. 
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(a) 



(b) 


Fig. 8.3 Q (magnitude) curves for (a) prototype air-core toroidal inductor, (b) Ferrite core 
toroidal inductor. 
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8,3 HIGH FREQUENCY RESPONSE OF 2464/AWG40 LITZ WIRE OF ONE 
METER LENGTH 

1 his test was performed on Litz wire conductor and Litz wire insulation. Litz 
wire insulation comprises enamel insulation and polyester fiber (Tergel). 
Therefore, frequency response of 2464/AWG 40 Litz wire insulation is the 
frequency response of composite insulation (Enamel and polyester fiber). 


8.3.1 DE. i E RM ! NATION OF LOSS TANGENT OF LITZ-WIRE CONDUCTOR 
WITH INCREASING FREQUENCY 

This test was conducted across Litz-wire terminals. Loss tangent was measured 
using impedance analyzer at different frequencies. This loss tangent includes dc 
resistance loss tangent, skin effect loss tangent and proximity effect loss as 
described in chapter 4. Measured values are tabulated in table 8.3. Fig. 8.5 shows 
the loss tangent due to contribution of dc resistance and eddy current loss (skin 
effect and proximity effect). It reveals that for frequency range 1 kHz-2 MHz total 
loss tangent due to dc resistance and eddy current losses decrease. Beyond this it 
increases very rapidly with frequency. For lower fi'equency (1 kHz-2 MHz) skin 
effect and proximity effect are negligible. Beyond 2 MHz proximity effect is 
dominated. Thus for high firequency inductors, e.g. operating at fi-equencies of 
about 5 MHz or higher it may be advantageous to use solid wire unless very 
finely stranded conductors are available. 
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T'able 8.3 




Table 8.4 


Measured data for Insulation characteristics for 1 m length Litz wire of 2464/AWG 40 


I'rccjucncv 
/ (kHz) 

Dielectric loss factor 
tan <5 

Capacitance 

C(nF) 

1 

0.0123 

0.0997 

50 

0.086 

0.0975 

100 

0.088 

0.09699 

110 

0.089 

0.09699 

120 

0.088 

0.09694 

130 

0.086 

0.09686 

150 

0.087 

0.09679 

200 

0.088 

0.09666 

250 

0.091 

0.0966 

300 

0.093 

0.0965 

350 

0.093 

0.0963 

400 

0.094 

0.0962 

450 

0.094 

0.0962 

500 

0.095 

0.0962 

550 

0.095 

0.0961 

600 

0.094 

0.0961 

650 

0.096 

0.096 

700 

0.093 

0.096 

750 

0.096 

0.09603 

800 

0.094 

0.09595 

850 

0.094 

0.09596 

900 

0.094 

0.09596 

950 

0.094 

0.09996 

1000 

0.094 

0.09999 

2000 

0.087 

0.09684 

3000 

0.072 

0.099 

4000 

0.071 

0.1023 

5000 

0.072 

0.1071 

6000 

0.084 

0.1136 

7000 

0.01 

0.12276 

8000 

0.0122 

0.13524 

9000 

0.0155 

0.15349 

10000 

0.022 

0.181 



1 10 100 1000 10000 


Frequency (kHz) 



(b) 


Fig. 8.6 (a) Dielectric loss factor and (b) capacitance as a function of frequency for one 
meter length litz wire having following specifications: 

Number of strands=2464 of AWG40 ,each are insulated with each other by enamel. Litz 
wire outer insulation is polyester fiber (Tergel). Size of Litz wire; 5mm x 5mm square 
cross section with no sharp edge. 



8.4 BREAKDOWN TEST ON SQUARE LITZ POLYESTER YARN 
INSULATED WIRE 

To perform this test, A thin soldering wire (lead) was wrapped tightly over polyester 
yarn of Litz wire (Im length). Table 8.5 shows measured results for different specimens 
of Litz wire. It is concluded from Fig 8.7 that a breakdown characteristic of Litz wire 
insulation depends upon the extent of moisture contamination, impurities in the dielectric 
and environment. Also it is concluded that overlapping a Nomex paper over the polyester 
yarn cover causes an increase in breakdown strength of the composite dielectric 
(polyester yam and Nomex paper). 


Table 8.5 


Measured results for breakdown characteristics for one meter length Litz wire insulation 


S.No. 

Litz wire specimen conditions 

Breakdown voltage 

1 

New fresh untouched wire 

1300 V dc 

2 

New fresh untouched with 2 mil 
thick Nomex paper of 50% 

overlapping 

3200 V dc 

3 

Contaminated with moisture, dirt 

and environment 

600 V- 800 vdc 
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Fig. 8.7 Breakdown characteristics for one meter length Litz wire having following 
specifications: 

Number of strands=2464 of AWG40 , insulated with each other by enamel coating. Litz 
wire outer insulation is polyester fiber (Tergel). Size of Litz wire: 5mm x 5mm square 
cross section with no sharp edge. Thickness of polyester fiber over Litz wire conductor, 
t=0.1 mm, relative permittivity of polyester fiber, £^=3.0. 
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CHAPTER 9 


FINITE ELEMENT ANALYSIS OF ELCTRIC FIELD INTENSITY 

9.1 INTRODUCTOIN 

Finite Element Method (FEM) is a numerical method for the estimation of electric field 
intensity in a given electrode system. Although the history of application of numerical 
methods can be traced back to the time of Gauss (1777-1855) and Boltzmann (1844- 
1906), it was in the 1940s that this method received more attention in USA, for solving 
general linear and even nonlinear partial differential equations. This method has since 
received attention not only for solving electric and magnetic fields but is also applied in 
civil engineering. In this chapter, the fundamentals of the finite element are introduced 
for the analysis of electric field intensity for simple electrode configurations. Main focus 
of this chapter is to analyze electric field intensity for circular and square shaped 
electrodes. 

9.2 FINITE ELEMENT METHOD (FEM) 

In this method the field between the electrodes is divided into discrete elements. The 
shape of these discrete elements is chosen to be triangular for two dimensional 
representation and tetrahedron (a structure with four surfaces) for three dimensional field 
representation. Fig. 9.1 and 9.2. The shape and size of each triangle or tetrahedron is 
chosen suitably of finite dimensions and these are irregularly distributed within the field. 

At those locations where a higher electric stress is expected, triangles of smaller 
vertices should be chosen, as shown in Fig. 9.1. In fact, the locations at higher stresses 
would need to cover with triangles of smaller dimensions. This method, unlike Finite 
Difference Method, does not involve a direct solution of Laplace equation. Instead, the 
approach in FEM is concerned with the factual characteristics of an electrostatic field that 
the total energy enclosed in the whole field region acquires a minimum value. In other 
words, the potential <D under given conditions of electrode surface should make the 
enclosed energy function to be a minimum for a given dielectric volume V , therefore, 
f g (grad^f dV-^ minimum (9.1) 
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which is obtained by solving the basic potential Equation ,E = - grad<!>. W is the 
electrical energy stored in the volume of dielectric considered. 



Fig. 9.1 Finite Element Mesh using Triangles. 



Fig.9.2 A Tetrahedron and a triangular finite element. 


Let us consider an electrostatic field without any space charge in a single 
isotropic dielectric between two electrodes. Then the potential 4> would be determined 
by tbe boundaries, that is. the metal electrode surfaces. The above equation 9.1 for 
electrical energy W, stored within the whole region of such a Laplacian field is given m 

cartesian coordinates as follows: 
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Fig. 9.3 Part of two-dimensional field subdivided into irregular triangular elements on 

X- y plane. 


Equation 9.4 implies that the potentials within the element are linearly 
distributed and the field intensity is constant. For the element (e) under consideration. 
The unknown potentials at respective nodes i, j, and k are given by the equations, 
ch, = «! + 

<t)^ = a, + (9.5) 

CD, = a, + + a,y, 

and the coefficients a,, and may be determined by applying Cramer s rule, 

n = -i-fctO. + 

I 2A/ ’ ’ ^ ’ 


where 






«, = ^.yk - ^kVj = yj - yi^ 
= x,y, - xj^ Pj = yk - y 

(Xk = yyj - yy^ Pk = y^- y, 


(9.6) 
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2 A,, - a, + 

The symbol A^. represents area of the triangular element i, j, k under consideration, 
from equation 9.4, the partial derivatives of O are, 

^ = /(4.„4>,,4..)^ = a, = /(4>,.4>,,4..) 


= a, = /(a),,<D^,<D,) 

A>’ 

In order to minimise the energy within the whole system, only derivatives of the 
energies with respect to the potential distribution in each element are of interest here. For 
the element (e) under consideration, if is the energy enclosed in this element, then the 

energy per unit length in the z direction / z , denoted by can be given by equation 


9.3 as follows: 




<50? f 


SxJ l<5j 


since d)Ci:/y provides the area A^ of the element described. 

To minimise the energy in this specific element (e), the expression can be 
derived by differentiating equation 9.7 partially with respect to O,, O^and O^,. Thus, 

taking into account equations 9.6 and 9.7, the differentiation with respect to O, results in, 

(W, 1/ , f ^ Sa. ^ 

= Vr, e A, 

M> /2 M 50, 50. ) 


y e + a,r,) 


{{Pf +rf +(M +r,r:)^j 
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The set of all three equations with respect to 4 .,, 4.. can be expressed in matrix 

form. 


<W,,. 

4’ 


( a * + K ) (/^Jj + r,rj ) (AA +r,n) 

(M+r/,) {a^+Tj) (AA+m) 

^AkA, + YkL ) {A,Aj + nr , ) {Al + rl ) 


'M. (M m: 

^0 ^ 

M, M. M. 


,(*»), (\), {*.),, 

kJ 






j 



(9.9) 


I he matrix (/?)^ is known as the “stiffness matrix” for the individual element 

(e), geometrically locating and containing functional sensitivity with respect to the 
potentials. It also contains the permittivity of the dielectric material. 

The energy in the individual element is dependent upon the node potentials 

of the element . If we denote the total energy in the whole system of given 

elements by , the relation for minimising the energy within the complete system can 
be given as, 

(IW 

^ = 0 (9.10) 

(1<P 

where ( ) is the potential vector for all the nodes within a given system. 

Considerations to account for the potentials of the triangular element (e) yet 
remain to be applied. Figure 9.3 shows the triangular element (e) being surrounded by 
other triangular elements. Any node potential within such a system depends upon the 
potentials of the surrounding nodes. The number of surrounding nodes to a node is 
dependent upon the network and may vary from node to node within a network. 

However, it is always a small number of nodes. 

Let us consider node k of the element given the number 5 as shown in Fig. 9.4. 
Four triangular elements (1) to (4) meet at this node. The nodes adjacent to node 5 are 
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numbered 1 to 4. bor this set of elements, following relation is obtained on applying 
equation 9. 10, 

= 0 

where ^,is the total energy of the system with four elements and a)itoa >5 are the 
potentials of nodes 1 to 5. 



Fig. 9.4 Node k of element (e), shown as node No. 5 connected to four triangular 

elements (1) to (4). 


Applying equation 9.9 to each of these four elements, that is, replacing the index 
e by individual numbers as given in Fig 9.4, the above equation works out by adding the 
contribution from each elements as follows: 




= [(*»), *5 +(*«X +(*»), «■= +(''.)4 *=] 


+ [('?.), I’i +('!. X 4*3 + (Aja *4 + (*» ). 4>. ] 

+ [(*,4)®. 4*3.), 4-3 +{'>3.), *4] 
= (*,.), +(*44]4’. + [('^.X +(*3.),]4-2 
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+ 


4 - 






[(^*fc)i "^{K\ -^{K\ +{^kk)^'\^5 

this equation can also be written in the form 

//„(!>, + +//35O3 = 0 


The potential <t>, can be calculated if the potentials €>jto ^>4 known, which 

depend upon the larger network. Therefore, for every unknown potential, a corresponding 
equation has to be set up. For a system in which Laplace equation is applicable, that is, 
the space charge free electrostatic fields, the solution may be written as. 


dW 

d(<i>) 


= 0 = [/?] (4.) 


(9.11) 


The FEM leads to comparatively simpler techniques for estimating fields at 
highly curved and thin electrode surfaces with different dielectric materials. However, its 
suitability remains mainly for weakly nonuniform and symmetrical fields which can be 
easily represented by two dimensional geometries. For three dimensional field 
configurations, there are reservations in its application. 

This work has done using software “FEMLAB, Multiphysics in MATLAB”, for 
a circular and square electrode configurations. 


9.3 BOUNDARY CONDITIONS 

To obtain a unique solution to our problem, either the unknown or its normal derivative 
must be specified at each point on the boundary. Further, the potential of at least one 
point in the problem must be specified to render the global matrix non-singular. When we 
specify the potential at a point, we call this a Dirichlet condition. If the potential is 
specified as constant along a line (the electrode boundary) this becomes an equi-potential. 
If the value of potential is zero, we call this the homogeneous Dirichlet condition. When 
specify the normal derivative of the potential we specify a Neumann condition [35]. 
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9.4 FEMLAB SIMULATION RESULTS 

FEMLAB simulation results for circular conductor and square conductor configuration 
are shown in Fig 9.5 to 9.1 1. Fig. 9.5 shows the Finite Element Mesh using triangles for 
(a) circular conductor configuration, (b) square conductor configuration and (c) square 

conductor configuration with no sharp edge. 



(c) 

Fig. 9.5 Finite element mesh using triangles for (a) circular conductor configuration, (b) 
square conductor configuration and (c) square conductor configuration with no sharp 

edge. 
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Surface: electric potential (V) 



Max; 16+003 



Min:0 


(C) 

Fig. 9.6 An electric potential distribution in dielectric for (a) circular conductor 
configuration, (b) square conductor configuration and (c) square conductor configuration 
with no sharp edge. 
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(C) 

Fig.9.7 An electric field distribution in dielectric for (a) circular conductor configuration, 
(b) square conductor configuration and (c) square conductor configuration with no sharp 
edge. 


It is concluded from figure 9.7 (a), (b) and (c), that electric field enhancement is 
more at the electrode surface for square conductor configuration than for circular 
conductor configuration of same cross section area. The field intensity enhancement is 
maximum at the square comers, the right angle edges. In case of square conductor 
configuration with no sharp edge, field enhancement at conductor surface is reduced 
considerably, as shown in table 9. 1 . 



Table 9.1 


Simulated values of electric field intensity at the conductor surface for circular, square 
and square with no sharp edge, conductor configurations. 



Circular conductor 

Square conductor 

Square conductor 

with no sharp edge 

Relative Maximum 

electric field 

intensity 

61088.04 

222051.83 

89906.61 
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Fig. 9.8 Comparison of relative maximum electric field intensity at the conductor surface 
for circular, square and square with no sharp edge conductor configurations 
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(C) 

Fig. 9.9 Electric potential and electric field intensity distribution for (a) circular 
conductor configuration, (b) square conductor configuration and (c) square conductor 
configuration with no sharp edge. 





(b) 





(C) 

Fig. 9.10 Electric field lines through dielectric for (a) circular conductor configur^lion, 
(b) square conductor configuration, and (c) square conductor with no sharp edge 
configuration. 
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Fig. 9.11 Surface charge distribution for (a) circular conductor configuration, (b) square 
conductor configuration, and (c) square conductor with no sharp edge configuration. 

Fig. 9. 1 1 (a), (b) and (c) reveal that maximum surface charge resides at the sharp 
edges of the conductor. Although, in case of square conductor with no sharp edge 
configuration, maximum surface charge at conductor surface is lower than in case of 
square conductor configuration, but it is higher than in case of circular conductor 
configuration. 



Circular conductor 

configuration 

Square conductor 
configuration 

Square conductor with no 
sharp edge configuration 

Maximum 

surface charge 
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surface 

1.6195 e-006 

3.9046 e-0.006 

2.0646 e-006 
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Fig. 9.12 Electric potential and electric field lines for square conductor with no sharp 
edge configuration. 




CHAPTER 10 


CONCLUSION AND SCOPE FOR FUTURE WORK 

A high voltage (300 kVpeak to peak), 120 kHz RF transformer based on the design 
considerations outlined in this work has been designed and constructed at APPD, BARC, 
Mumbai. Its electrical performance characteristics are currently being analysed. 
Important conclusions of this work can be made as follows: 

❖ High Q factor can be achieved by minimising the losses due to high frequency, high 
voltage, and also dc. 

❖ With air-core toroidal coil very high quality factor (> 1000) can be achieved. There 
are no hysteresis and residual magnetic core losses in case of air-core. On the 
contrary, a toridal coil with ferrite core has poor quality factor and hysteresis and high 
residual core loss at high frequency (120 kHz). 

Skin and proximity effects at higher frequency can be minimised by using Litz wire 
with proper selection of wire gauge, enamel thickness and good scheme of 
transposition or bunching. Although, these effects can also be minimised by using 
solid wire of very large cross section (8 times larger than Litz wire diameter for 120 
kHz), but it will increase the size of the transformer excessively. 

♦J* At frequencies > 5MHz, Litz wire becomes less practical. The effect of high 
capacitance between the strands is the reasons for this high-frequency limit. 

Single layer, single wire, spaced winding scheme provides better cooling and low 
stray capacitance. 

❖ Optimal design of toroidal air-core coil depends upon the winding pitch, tum-to- 
shield distance, insulation coating over Litz wire and winding edge factor. MATLAB 
calculations show that overall stray capacitance strongly depends upon tum-to-shield 
distance. Without shield, overall stray capacitance decreases with increase in number 
of turns in a coil. On the other hand, with shield, it becomes approximately constant 
after a particular number of turns. Overall stray capacitance decreases with increase 

in shield distance. 

❖ Overall stray capacitance also decreases with increase in winding pitch. 



V Contribution of Litz wire insulation coating on overall stray capacitances can be 
neglected if thickness of insulation is very small compared to winding pitch. 

❖ The optimum design of single-layer toroidal air-core inductors for 120 kHz 
application matches the desired value of the coil inductance (5 mH) and the first self- 
resonant frequency (expressed for overall stray capacitance <20 pF). 

❖ Dielectric loss factor is high at working frequency. Therefore, efficient cooling is to 
be considered during design. 

❖ FEMLAB simulation results; sharp edges at conductor surface lead to tremendous 
enhancement of the electric field on the dielectric. Electric field intensity on the 
dielectric near conductor surface is 3.5 times more in case of square conductor than in 
circular conductors. Square cross section Litz wire reduces the size of toroidal coil 
marginally but at the same time more field enhancement at sharp edge is present. 
Hence to reduce the field enhancement at sharp edges, square cross-section Litz wire 
with no sharp edge is recommended. 

❖ The dielectric strength of SF6 increases with higher pressure. Dielectric strength of 
SFe is greatly reduced under nonuniform field conditions. 

❖ Any protrusion on electrode surface may give rise to partial breakdown in SFe gas. 

❖ The foreign particle contaminants in SFe gas play an important role for its dielectric 
performance. These may cause the deterioration of the insulation by formation of 
decomposition product due to corona discharge. Hence the coil-winding work should 
be done in highly clean controlled environment. 

❖ Breakdown strength of Litz wire insulation strongly depends upon the presence of 
contaminated environment moisture and dust etc. Therefore, proper care must be 
taken in handling it and during the winding finish. 

SCOPE FOR FUTURE WORK 

❖ Optimization of shape and dimensions of the winding, Litz wire, is required in order 
to achieve a Quality factor of about 2000 at 120 kHz. 

♦♦♦ Investigation on the dielectric properties of SFe at 120 kHz, 300 kVpeakto peak should 


be made. 


APPENDIX A 


COMPARASION OF LITZ WIRE WITH SOLID WIRE 

A-1 PROPERTIES OF THE FINE ENAMELLED COPPER WIRE- AWG 40 


Properties 

Nominal 

Maximum 

Minimum 

Bare copper diameter, mm 

0.0798 

0.08204 

0.07747 

Enameled copper diameter, mm 


0.09398 

0.08509 

Increase in diameter due to insulation, mm 



0.00762 

Copper area, mm^ 

4.996 X 10'^ 

5.286x10-" 

4.714x10-^ 

Resistance per unit length, O/// m 

( Conductivity of copper , a = 58 x 10^ 

3.451 

3.262 

3.657 


A-2 2464/ AWG 40 LITZ WIRE DIMENSIONS 

Overall Litz wire cross section : 5x5 mm^ square cross section with no sharp edge, 

diagonal length (measured) = 5.8 mm 
Equivalent copper area : 12.5 mm^ 

Thickness of insulation coating over entire Litz wire conductor : 0. 1 mm 

A-3 OVERALL DIAMETER OF 2464 STRANDS EACH AWG 40 LITZ WIRE 

Total no. of strands = 1 + 3n (1 + n) 

Where n is no. of layers in stranded conductor. 


So, 

2464 = 1 + 3n (1 + n) 
solving this equation, we have 


n = 29 



Overall circular diameter of 2464 strands each AWG 40 Litz wire is given by, 
do = di (1 + 2n) , Where di is the diameter of individual strands. 

Putting values of di from section B-1 gives 
do ( Maximum ) = 5.54482 mm ; 
do ( Minimum) = 5.02031 mm 
So average value of overall circular diameter do= 5.283 mm 

Suppose we consider a circular and square cross section conductor having same area, 
then following relations can be obtained, 

a = 0.886 , where a is the breath of the square cross section 

conductor. 

■=> a = 0.886 X 5.283 = 4.68 mm 

so with insulation coating , breath of square cross section Litz wire = 4.68 + 0.2 = 4.88 
mm. Measured value of a is 5.0 mm. This reveals that if we choose square cross section 
Litz wire, size of the toroidal coil will reduce by 11.4 % of size of toroidal coil with 
circular cross section Litz wire. But sharp edge at square Litz wire may be responsible for 
more (3 times) field enhancement at conductor surface as discussed in chapter 9, so 
square cross section Litz wire with no sharp edge is chosen. 

A-4. RESISTANCE OF LITZ WIRE AND SOLID WIRE OF SAME COPPER 
CROSS SECTION AREA 

Resistance per unit length of copper conductor is given by. 


For 120 kHz, value of skin depth A is given by. 



A = - 


^/;^■xl20xl0^x4x;rxl0■’x58xlO^ 
Effective copper area for solid wire, 


= 190 jum 


As = ^[(3.9894)- -(3.9894-2x0.190f] d'^-{d-2/S) 


(A-1) 


Where d is the diameter of solid wire. 

For a same cross section area 12.5 mm^ , diameter of solid wire will be 3.9894 mm. 
Putting the values of d and A in equation A-1 we have. 


As = ^[(3.9894)' -(3.9894-2x0.190)'] 

= 1.363937 mm^ 

so. Resistance ratio for solid wire to Litz wire will be 

^sohd _ ^Utz _ 

K. Aoud 1-363937 
=^> Rsolid = 9.165 RliIz 


A-5 EQUIVALENT DIAMETER OF SOLID WIRE HAVING RESISTANCE 
AS LITZ WIRE 


Equivalent copper area of solid wire - — d^ -(J - 2A) 


12.5 



-(J- 2x0.190)' 


^ d = 39.79464 mm 

so, it is concluded that to have a same resistance, diameter of solid wire will be 8 times 


more than that of Litz wire. 



APPENDIX B 


THE HIGH-FREQUENCY RESISTANCE OF TOROIDAL COILS 


B-1 INTRODUCTION 


The characteristic property of a toroidal coil is its complete astaticism, that is to 
say, its magnetic field lies entirely within the coil and therefore no electromagnetic 
interference between the coil and neighbouring coils. The theory of the losses in 
inductance coils in general has been discussed in chapter 4 and 5. The results of this 
theory so for as they affect toroidal coils are summarised below. 

The general formula^^' for the high-fi'equency resistance of a coil in which the 
turns are not too closely packed is 



|l+F + 



(B-1) 


when the coil is wound with solid wire, and 

(B-2) 

when the coil is wound with stranded ( Litz ) wire. 

In these formulae the symbols have the following interpretation; - 
“ High-frequency resistance of toroidal coil. 

= D.C. resistance of coil. 

N = Number of turns. 

n = Number of strands. 

d = Diameter of one strand. 

= Overall diameter of stranded wire. 

D = Overall diameter of coil. 

The factors F and G depend upon the frequency, / , and the diameter, d.oiz. 
single strand. We first calculate a quantity z from the formula z = d-<Jf /92.8, dvci 
this formula being in mms. and the frequency in Hz, and then read off F and G from 


table B-1. 


The factor k entering only in the stranded wire formula depends on the number 


of strands and has the following values - 



1 

3 

9 

27 

Large 

k 

0 

1.55 

1.84 

1.92 

2 


Table B-1 

Values of the functions'-^ F and G 
d = diameter of single strand in mm, /= frequency in Efr: 


z = dyff/92.S 


z 

1+i^ 

G 

0.0 

1.000 


0.1 

1.000 


0.2 

1.000 

z'^/64 

0.3 

1.000 


0.4 

1.000 

— 

0.5 

1.000 

0.000097 

0.6 

1.001 

0.00202 

0.7 

1.001 

0.00373 

0.8 

1.002 

0.00632 

0.9 

1.003 

0.01006 

1.0 

1.005 

0.01519 


The factor K depends upon the type of coil. For a single toroid of circular section 
formula for K is given by'^', 

K = 2{l-xf / {\-2xf (B-3) 

in which X is the ratio of the diameter of the winding section of the toroid to the 
overall diameter D . 






































B-2 CALCULATION FOR HIGH FREQUENCY RESISTANCE 
Specifications of toroidal coil as described in section 7.3 are 
N =280 

D = 1500 mm 

= 450 mm 

n = 2464 

And Litz wire specifications are 

d =0.08742 mm; = 1.7 wQ/m 1.7xl0‘' x;rx 0.450x280 = 0.673 Q 
= 5.0 mm 

For operating frequency, / , at 120 kHz, 
z = d^/92.S 

=> z = 0.08742x7120000/92.8 
=> z = 0.326 

Corresponding values of F and G obtained from table B-1 is 1.000 and 
1 .111 X 10“^ respectively. 

Calculated value of K for x = ^ = = 0.3 , using equation (B-3) is 


3.327. 


Putting all these values in equation (B-2), we have. 


Roc = R.C 


1+ 


(5.0) 


2+4 


ir3.327x280^'^ 


1500 


: (2464)' X (0.08742)' x 1 .772 x 10'" 


=> 

Roc 

= i?.,x2.45 


Roc 

= 0.673x2.45 

=> 

Roc 

= 1.65 n 


So, Quality factor, Q , of coil 


0)1 

IL 


2x17x120x10^ x5xl0 ^ 
1.65 


= 2285 



APPENDIX C 


NUMBER OF TURNS IN PRIMARY WINDING OF AIR-CORE 
TOROIDAL TRANSFORMER 

Equivalent circuit of high voltage high-frequency air-core toroidal transformer is 
shown in Fig. C-1 and its specifications are 
Vi = 10 kV , V2 = 300 kVpeak 
Ii = 5 A , I 2 = 50 A 

LT = 5inH , CT = 350pF 
Quality factor, Q = 200 
Coefficient of coupling, k= 0.3 
Number of turns in secondary winding, N 2 = 280 
Toroidal winding cross section area, A = 0.159 m^ 

Mean axial length of toroidal coil, = 2.95 m 
Number of primary turns required , Ni = ? 



Fig.C-1 Equivalent circuit diagram of high voltage high-frequency toroidal shaped 
air-core transformer. 


Induced voltage in secondary winding , 


Q 


300xl0V^/2 

200 


= 1.061 kVnns 


Also, induced voltage in the secondary winding , - o)LJ^ 

=> 1.061x10^ = 2x;rxl20xl0^xl,,„x5 


^ L„ = 0.2814 mH 


Coefficient of coupling, k 



■=> 



J_ 

4 


Putting values of k, Lm and Lj, we get 
= 0. 17596 mH 


Number of turns required getting inductance, 0.1 7596 mH, will be 8-9. 

SO, required no. of turns for primary winding, Nj = 8 to 9. 
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